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 Die vorliegende Arbeit besteht aus einer Zusammenfassung, einer Einleitung (Kapitel 
1), einem Kenntnisstand mit Aufgabenstellung (Kapitel 2), drei voneinander unabhängigen 
ErgeďŶisteileŶ ;Kapitel ϯ−ϱͿ, soǁie eiŶeŵ AŶhaŶg. Forschungsartikel sind jedem Kapitel als 
Unterpunkt beigefügt, wobei dazugehörige Zusatzinformationen (Supporting Information), 
wie experimentelle Daten, Methoden, verwendete Arbeits- und Messgeräte im Anhang zu 
finden sind. Für jedes Kapitel wurde ein separates Literaturverzeichnis erstellt, wobei 
mehrfach zitierte Referenzen in jedem Kapitel neu berücksichtigt wurden.  
 Abbildungen, Tabellen und Schemata sind im jeweiligen Kapitel fortlaufend num-
meriert. Die Nummerierung der Strukturformeln in den Ergebnisteilen beginnt stets neu und 
stimmt nicht zwingend mit der Nummerierung in den Forschungsartikeln überein. Struktur-
formeln mit Keilschreibweise bezeichnen, wenn nicht anders angegeben, relative und nicht 
absolute Konfigurationen.  
 Die Hierarchie von Substituenten zur Benennung von Verbindungen folgt in einigen 
Fällen nicht der IUPAC-Hierarchie, falls inhaltliche Zusammenhänge innerhalb homologer 
Reihen durch alternative Molekülnamen didaktisch einfacher nachvollziehbar werden. 
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In der vorliegenden Arbeit wurde die Reaktivität und Selektivität anellierter, ver-
brückter und tertiärer O-Radikale, in drei Teilprojekten, untersucht. Die zur Erzeugung 
primärer und sekundärer O-Radikale benötigten Thiohydroxamsäure-O-ester stammen aus 
Reaktionen von Cyclopentenyltosylaten mit 3-Hydroxy-4-methylthiazol-2(3H)-thion-Tetra-
ethylammoniumsalz (Salz-Methode). Für tertiäre Thiohydroxamsäure-O-ester hat sich die 
Umsetzung tertiärer O-Alkylisoharnstoffe mit 3-Hydroxy-4-methylthiazol-2(3H)-thionen be-
währt (Isoharnstoff-Methode). Die anschließende Freisetzung der O-Radikale, aus den O-
Alkylthiohydroxamaten, erfolgte photochemisch oder thermisch unter pH-neutralen und 
nicht oxidativen Bedingungen in Gegenwart von Bromtrichlormethan. Relative Reaktivitäten 
der O-Radikale in Sauerstoff-Elementarreaktionen beruhen auf Abschätzungen mit Hilfe 
unimolekularer Vergleichsreaktionen (Radikaluhr Konzept). Beobachtete Selektivitäten und 
Stabilitäten wurden anhand theoretischer Analyseverfahren (Twist-Modell, Dichtefunktional-
Rechnungen und Møller-Plesset-Störungsrechnung 2. Ordnung), in Kooperation mit Jens 
Hartung, interpretiert und quantifiziert. Die synthetisierten -bromierten, bicyclischen, tri-
cyclischen sowie tertiären Tetrahydrofurane erweitern die bis dato auf primäre und 
sekundäre Monocyclen beschränkte Vielfalt der 5-Ring-Strukturen über Sauerstoff-Radikal-
reaktionen. Beispiele für Synthesen mittels intermolekularer O-Radikaladditionen liefern 
funktionalisierte Bromalkoxybicyclo[2.2.1]heptane und tert-Butoxybromalkane. 
Durch Variation (1,2-Cyclopentyl und 1,2-Cyclohexyl) und Permutation (Kohlenstoff-
Atome C1 und C2 / C2 und C3 / C3 und C4) der Anellierung, sowie durch verbrückte Reste 
(C2 und C5 / C3 und C5) am 4-Penten-1-oxyl-Gerüst gelang es, im ersten Teilprojekt, 
diastereomerenreine primäre und sekundäre O-Radikalvorläufer für eine systematische 
Untersuchung der Stereoselektivität in 5-exo-trig-Reaktionen zu synthetisieren. 
Umsetzungen der O-Radikalvorläufer zeigten Regelmäßigkeiten im Produktbild, die in Form 
von Richtlinien für zukünftige Syntheseplanungen zusammengefasst wurden: (I) Für sterisch 
und elektronisch vergleichbare Substituenten in direkter Nachbarschaft (zum Beispiel C1 und 
C2) ist der stereochemische Einfluss des Substituenten größer, der der Doppelbindung näher 
ist (hier Substituent an C2). Die relative Konfiguration der beiden anellierten Substituenten 
zueinander wirkt sich auf den Stereoselektivitätsgrad aus, wobei trans-anellierte 4-Penten-1-
oxyl-Radikale stereoselektiver cyclisieren als cis-konfigurierte Isomere. Hauptprodukte der 
1,2- und 2,3-cyclohexyl-anellierten 4-Penten-1-oxyl-Radikale sind 2,4-cis- und 2,3-trans-
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substituierte Tetrahydrofurane. (II) Ist die Flexibilität der Sauerstoffatom-tragenden 
Seitenkette konformell eingeschränkt, cyclisieren anellierte (C3 und C4) sowie verbrückte 
(C2 und C5 / C3 und C5) 4-Penten-1-oxyl-Radikale 2,3- und 2,4-cis-spezifisch an endo- und 
exo-cyclische -Bindungen. Theoretische Berechnungen diesbezüglich haben gezeigt, dass 
der 2,3-trans-Ringschluss des Modell-Radikals 1-(Cyclohexen-3-yl)-2-ethoxylradikal aufgrund 
sterischer Effekte eine deutlich höhere Barriere besitzt (89.5 kJ/mol) als der 2,3-cis-
Ringschluss (35.4 kJ/mol). 
 Die Herstellung tertiärer 3-Alkyloxy- und 3-Cumyloxy-5-(4-methoxyphenyl)thiazol-
2(3H)-thione und die Untersuchung der Reaktivitäten daraus erzeugter tertiärer O-Radikale 
in Elementarreaktionen waren Schwerpunkte des zweiten Themengebiets. Experimentell 
bestimmte relative Geschwindigkeitskonstanten für die -H-Abstraktion (kSubst = 107108 s1), 
die 5-exo-trig-Cyclisierung (k5-exo = 108109 s1) und die intermolekulare Addition (kAdd = 
107 M1s1) demonstrieren, dass tertiäre O-Radikale trotz größerer sterischer Hinderung eine 
ähnliche (Substitution) oder höhere Reaktivität (5-exo-Reaktion) als vergleichbare primäre 
und sekundäre Analoga aufweisen. Der 5-exo-Rinschluss des 2-Phenyl-5-hexen-2-oxyl-
Radikals erfolgt 2,5-cis-selektiv. Intermolekulare Additionen der tert-Butoxyl-, Cumyloxyl- 
oder p-Chlorcumyloxyl-Radikale an Norbornen verlaufen exo-spezifisch. Dichtefunktional Be-
rechnungen zufolge sind Torsionsspannungen im 2,5-trans-Übergangszustand der 5-exo-trig-
Cyclisierung und im endo-Übergangszustand der intermolekularen Addition für die beo-
bachtete Selektivität verantwortlich. 
Im dritten Projekt wurden O-(tert-Butyl)thiohydroxamate aus O-(tert-Butyl)-N,N-
diisopropylisoharnstoff und dem 3-Hydroxy-4-methylthiazol-2(3H)-thion sowie dem 3-
Hydroxy-4-methyl-5-(4-nitrophenyl)thiazol-2(3H)-thion hergestellt. Die gleiche Reaktion zeigt 
bei Verwendung des 1-Hydroxypyridin-2(1H)-thions eine spontane Umlagerung des O-(tert-
Butyl)thiohydroxamats zum O-(tert-Butyl)pyridin-2-sulfenat. Stabilitätsunterschiede der 
tertiären Thiohydroxamat-Klassen lassen sich der Molekülorbital-Theorie folgend auf drei 
unterschiedliche, -artige Wechselwirkungen der N,O-Bindung mit dem Thiohydroxamat-
Kern und dem O-Alkyl-Rest im Grundzustand zurückführen, die die N,O-Bindung insgesamt 
stärken. Tertiäre 3-Alkoxythiazolthione erfahren dabei eine größere Stabilisierung als 
vergleichbare Pyridinthione. Photochemische Umsetzungen der tert-Butoxythiazolthione 
liefern tert-Butoxyl-Radikale, die durch Addition an 5,5-Dimethylpyrrolidin N-Oxid (DMPO) 
und Styrol nachgewiesen wurden. 
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1. Einleitung 
1.1  Struktur und Reaktivität sauerstoffzentrierter Radikale 
Als reaktive Zwischenstufen[1] organischer Synthesen weisen Sauerstoff-Radikale eine 
zwei bis drei Größenordnungen höhere Reaktivität auf als vergleichbare Kohlenstoff-
Radikale.[2,3] In atmosphärischen[4,5] und biochemischen Prozessen[6−9] spielen O-Radikale 
eine wichtige Rolle bei Abbaureaktionen und zur Knüpfung von C,O-Bindungen.[ϭϬ−ϭϮ] Außer-
gewöhnlich hohe Selektivitäten bei Additionen an Mehrfachbindungen[ϭϬ,ϭϯ−ϭϱ], H-Abstrak-
tionen[1617], -C,C-Fragmentierungen[ϭϴ−ϭϵ] oder Umlagerungsreaktionen[20−21] tragen dazu 
bei, dass O-Radikalreaktionen zunehmend an Bedeutung gewinnen. Mechanistische Unter-
suchungen der vergangenen Jahre haben gezeigt, dass die Reaktivität und Selektivität von 
Sauerstoff-Radikalen maßgeblich durch den Substituenten R beeinflusst wird (Abb. 1.1).[22] 
 
Abbildung 1.1. Struktur und Reaktivität sauerstoffzentrierter Radikale.[22] 
Sauerstoff-Radikalreaktionen sind im Allgemeinen stark exotherme Prozesse mit 
hohen Aktivierungsenergien für Rückreaktionen. Additionen, H-Abstraktionen und Umlage-
rungen verlaufen kinetisch kontrolliert unter Bildung starker C,O- bzw. O,H-Bindungen. Für 
Fragmentierungen ist die Energiedifferenz der Aktivierungsbarrieren zwischen Hin- und 
Rückreaktion deutlich kleiner. Rückreaktionen werden experimentell dennoch selten be-
obachtet, da der anschließende Radikaleinfang durch Wasserstoffatom- oder Halogenatom-
Donoren meist deutlich schneller erfolgt (Schema 1.1).[22]  
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Schema 1.1. Elementarreaktionen sauerstoffzentrierter Radikale mit charakteristischen 
Geschwindigkeitskonstanten. R = H, Alkyl, Aryl.[23−26]  
Die hohe Reaktivität und die ausgeprägte thermochemische Triebkraft von Sauer-
stoff-Radikalen bildet sich dem Hammond-Postulat[27] folgend in der Position von Übergangs-
zuständen auf den dazugehörigen Reaktionskoordinaten ab. Geometrien früher Übergangs-
zustände ähneln dabei strukturell den Startmaterialien, so dass deren Grenzorbitale zur 
Beschreibung von Reaktivitäten und Selektivitäten herangezogen werden können.[28,29,30] 
Günstige Wechselwirkungen ergeben sich dabei zwischen dem höchsten besetzten Orbital 
(HOMO, engl. Highest Occupied Molecular Orbital) eines nukleophilen oder dem tiefsten un-
besetzten Orbital (LUMO, engl. Lowest Unoccupied Molecular Orbital) eines elektrophilen 
Reaktionspartners mit dem einfach besetzten Orbital (SOMO, engl. Singly Occupied 
Molecular Orbital) des O-Radikals. Je ähnlicher die Energien der wechselwirkenden Grenz-
orbitale sind, desto stärker ist nach dem Klopman-Theorem die Stabilisierung des Ensembles. 
In den meisten Reaktionen zeigen O-Radikale überwiegend elektrophile Reaktivität, das 
heißt die SOMO/HOMO-Wechselwirkung ist effektiver als die SOMO/LUMO-Wechselwirkung 
(Abb. 1.2, rechts). Bei Additionen an Alkene, die mit starken Akzeptorgruppen substituiert 
sind, reagieren Sauerstoff-Radikale aber auch als Nukleophile. In diesem Fall dominiert die 
SOMO/LUMO-Wechselwirkung gegenüber der SOMO/HOMO-Wechselwirkung (Abb. 1.2, 
links).[31] 
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Abbildung 1.2. Grenzorbitalwechselwirkungen eines Akzeptor-substituierten Alkens (A = 
CO2Me, CN) mit einem nukleophilen O-Radikal (RO•, links) und eines Donor-substituierten 
Alkens (D = OCH3, CH3, Ph) mit einem elektrophilen O-Radikal (RO•, rechts). R = Alkyl, Aryl.[31] 
 
1.2 Stereo- und Regioselektivitäten substituierter 4-Penten-1-oxyl-Radikale  
Im Verlauf der letzten 20 Jahre zeichneten sich deutliche synthetische Fortschritte bei 
intramolekularen O-Radikaladditionen ab. 4-Penten-1-oxyl-Radikalcyclisierungen stellen in 
diesem Zusammenhang die wichtigste Gruppe dar.[10,15,2224,32,33] Die in diesen Reaktionen 
entstehenden Tetrahydrofuranylmethyl-Radikale lassen sich mit Wasserstoff- oder Halogen-
atomen zu präparativ nützlichen Syntheseprodukten abfangen (Schema 1.2).[24,3436] Auf-
grund elektrophiler Eigenschaften der Alkoxyl-Radikale in Additionen an terminale oder 
Donor-substituierte -Bindungen verlaufen O-Radikaladditionen häufig mit komplementärer 
Stereo- und Regioselektivität, im Vergleich zu Elektrophil-induzierten, ionischen 4-Pentenol-
cyclisierungen (nukleophiles Sauerstoffatom).[35,37,38] Der präparative Wert der O-Radikal-
cyclisierungen leitet sich, neben interessanten Chemoselektivitäten, aus vorhersagbaren 
Stereoselektivitäten ab.[24,32] Alkyl- und ortho-Methyl-substituierte Arylsubstituenten in 
Position 1 sowie Alkyl- und Arylsubstituenten in Position 3 dirigieren die 5-exo-trig Reaktion 
2,5-trans-selektiv, während Alkyl- und Arylsubstituenten in Position 2 Produkte mit cis-
Konfiguration favorisieren. Annährend äquivalente cis/trans-Mischungen resultieren aus der 
Umsetzung von 4-Penten-1-oxyl-Radikalen mit para- oder unsubstituierten Phenylresten in 
Position 1.[39] Der stereochemische Einfluss von Steuergruppen in 5-exo-trig-Reaktionen 
steigt mit sinkendem Abstand zur -Bindung. Terminale Methylgruppen beschleunigen 
durch einen polaren Effekt den Angriff eines elektrophilen O-Radikals und üben für Alkyl- 
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und Arylsubstituenten in den Positionen 1 und 3 einen Diastereoselektivität-steigernden 
Effekt aus (Schema 1.2).[24,32,36] 
 
 
Schema 1.2. Diastereoselektivitäten bei der intramolekularen 5-exo-Addition substituierter 
4-Penten-1-oxyl-Radikale in Gegenwart von Bu3SnH (oben) und BrCCl3 (unten).
[24, 35] 
 
Die beobachteten Selektivitäten lassen sich mit einem stereochemischen Modell 
(Twist-Modell, Schema 1.3)[40] beschreiben. Es wurde mit dem Ziel entwickelt, Stereo-
selektivitäten experimentell nicht durchgeführter Reaktionen in Syntheseplanungen vorher-
zusagen. Dem Twist-Modell zufolge greift das Sauerstoff-Radikal aus stereoelektronischen 
Gründen die -Bindung orthogonal zur Alkenebene an. Die Vinyl-Gruppe und das Kohlen-
stoff-Atom C3 nehmen aus sterischen Gründen bevorzugt entgegengesetzte Positionen 
entlang der Ebene ein, die von den Atomen O1, C5 und C4 definiert wird. Substituenten im 
konformell flexiblen Teil sind, aufgrund sterischer Effekte (Torsionsspannungen), vorzugs-
weise äquatorial (C2, C3) oder pseudo-äquatorial (C4) angeordnet. Die Bildung von cis/trans-
Isomeren resultiert aus einer 180°-Rotation der terminalen Vinyl-Gruppe um die C4-C5-
Bindung. 
 
Schema 1.3. Twist-Modell-Übergangsstrukturen zur Beschreibung von Stereoselektivitäten 
in 5-exo-Cyclisierungen substituierter 4-Penten-1-oxyl-Radikale.[40] Kugeln = Alkyl, Aryl. 
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4-Penten-1-oxyl-Radikalcyclisierungen verlaufen nicht nur stereoselektiv, sondern 
weisen zudem eine ausgeprägte Regioselektivität auf.[24,41] Radikale, die in Position 4 der 4-
Penten-1-oxyl-Radikalkette ein Wasserstoffatom tragen, liefern ein charakteristisches 98:2-
Verhältnis an 5-exo und 6-endo-Cyclisierungsprodukten. Entlang der Reihe der Substituenten 
Wasserstoff, Methyl, tert-Butyl und Phenyl in Position 4 steigt der Anteil an 6-endo-Cyclisie-
rungsprodukt auf 7:93 (Abb. 1.3). Regioselektivitätsänderungen basieren auf einer Balance 
zwischen Grenzorbitalwechselwirkungen und Torsionsspannungen im Übergangszustand.[41] 
 
Abbildung 1.3. 6-endo-trig-Übergangsstruktur substituierter 4-Penten-1-oxyl-Radikale. R = H, 
Methyl (exo:endo = 69:31), tert-Butyl (exo:endo = 46:54), Phenyl (exo:endo = 7:93).[41] 
 Mit der sich entwickelnden Vielfalt der bisher untersuchten 5-exo-Reaktionen ist die 
Zeit gekommen, Synthesen komplexerer Tetrahydrofuran-Naturstoffe, die aus substituierten 
Monocyclen oder aus Bi- und Tricyclen bestehen, durch Ringschlussreaktionen tertiärer und 
anellierter 4-Penten-1-oxyl-Radikale aufzubauen (Abb. 1.4). Dabei wäre zu hinterfragen, 
inwieweit stereochemische Richtlinien für die Synthese von Monocyclen (Twist-Modell) auf 
die Darstellung anspruchsvollerer Molekülstrukturen übertragen werden können und ob 
tertiäre 4-Penten-1-oxyl-Radikale überhaupt für derartige Synthesezwecke eingesetzt wer-
den können. Mit diesen Fragestellungen beschäftigt sich die vorliegende Dissertation.  
 
Abbildung 1.4. Tetrahydrofuran- und Tetrahydropyran-abgeleitete Naturstoffe mit tertiären 
Ether- und polycyclischen Grundgerüsten.[42−46]   
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2. Kenntnisstand und Aufgabenstellung 
2.1 Erzeugung von O-Radikalen  
Sauerstoff-Radikale entstehen durch homolytische Spaltung schwacher Bindungen, 
die aus einem Sauerstoff- und einem Heteroatom wie beispielsweise Chlor, Stickstoff, Sauer-
stoff oder Schwefel bestehen (Abb. 2.1).[117] Mechanistische und synthetische Studien profi-
tieren dabei von pH-neutralen, nicht oxidativen Bedingungen zur Sauerstoff-Radikalerzeu-
gung, da so unerwünschte Produkte aus Oxidationsprozessen ausbleiben. Für die an-
schließende O-Radikalreaktion sind unverzweigte Kettenreaktionen vorteilhaft, da diese es 
erlauben, stationäre und niedrige Radikalkonzentrationen aufrecht zu erhalten, in denen 
Radikal-Molekülreaktionen über Radikal-Radikalreaktionen dominieren (Schema 2.1).[18,19] 
Nach dem Quasistationaritätsprinzip von M. Bodenstein[20,21] liegen solche Bedingungen 
dann vor, wenn eine reaktive Zwischenstufe langsam gebildet und schnell umgesetzt wird, 
was sich experimentell durch einen Überschuss an Radikalabfangreagenzien realisieren lässt. 
In verzweigten Kettenreaktionen nimmt die Radikalkonzentration bei Umsetzung eines 
Stoffes stetig zu, so dass in der Regel große Mengen unerwünschter Nebenprodukte gebildet 
werden.[18,19] 
 
Abbildung 2.1. Auswahl sauerstoffzentrierter Radikalvorläufer des letzten Jahrhunderts. R = 
R͚= Alkyl, Aryl. [117]  
Die Technik zur Erzeugung von O-Radikalen mit Hilfe unverzweigter Kettenreaktionen 
stammt aus den Jahren 19881997 (Abb. 2.1), in denen die cyclischen Thiohydroxam-
säureester 1 und 2 für diese Zwecke entwickelt wurden. Mechanistisch entstehen O-Radikale 
(RO•Ϳ aus O-Alkylthiohydroxamaten durch homolytische Spaltung der schwachen N,O-Bin-
dung. Ursache des N,O-Bindungsbruchs ist der AŶgriff des ketteŶtrageŶdeŶ Radikals Y• aŵ 
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Thiocarbonylschwefel (Schema 2.1). Das Radikal Y• staŵŵt aus eiŶeŵ Mediator X−Y und 
wird photochemisch (25 °C) ohne Radikalstarter oder thermisch (80 °C), unter Zuhilfenahme 
von Initiatormolekülen wie Azobis(isobutyronitril) (AIBN), erzeugt. Aus den Sauerstoff-
Radikalen (RO•Ϳ eŶtsteheŶ, den Elementarreaktionen folgend, stabilere Kohlenstoff-Radikale 
(R•Ϳ, die durch den Mediator X−Y uŶter BilduŶg des ketteŶtrageŶdeŶ Radikals Y• aďgefangen 
ǁerdeŶ. Für die KetteŶfortsetzuŶg ist eŶtsĐheideŶd, dass Y• sĐhŶeller aŶ deŶ Thiocarbonyl-
schwefel addiert als jedes andere an der Reaktion beteiligte Radikal. Geringe Radikal-
konzentrationen (< 0.01 M) verhindern einen vorzeitigen Kettenabbruch durch Dispropor-
tionierung oder Rekombination.[22,23]  
 
Schema 2.1. Unverzweigte Kettenreaktion Thiohydroxamat-abgeleiteter O-Radikale. X−Y = 
BrCCl3, CCl4, IC4F9, Bu3SnH, HSC8H9, HSi(SiMe3)3. R = Alkyl, Alkenyl.
[22] 
 
Als Mediatoren für Synthesen mit Sauerstoff-Radikalen eignen sich insbesondere 
Halogenatom-[24−27] oder Wasserstoffatom-[23,24]Donoren. Während letztere zu reduktiv ter-
minierten Produkten führen, eignen sich erstere zur Funktionalisierung der Reaktions-
produkte für Folgereaktionen. Für die Auswahl des Mediators sind Toxizität, Funktionalisie-
rung, aber auch die Geschwindigkeit des Radikaleinfangs ausschlaggebend. Als wirkungs-
voller Mediator zur Bromierung von Radikalen hat sich Bromtrichlormethan (kBr  108 M−1s−1) 
bewährt.[26,27]  
 
2.2 Herstellung und Reaktivität cyclischer Thiohydroxamsäure-O-ester 
 Aufgrund der günstigen Kombination aus präparativer Zugänglichkeit, Lagerstabilität 
und chemischer Reaktivität in unverzweigten Kettenreaktionen stellen 3-Alkoxythiazol-
2(3H)-thione zur Zeit die vermutlich praktikabelsten Vorläufer zur Erzeugung von Sauerstoff-
RadikaleŶ uŶter „)iŶŶ-freieŶ͞ sowie pH-neutralen, nicht-oxidativen Bedingungen in präpara-
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tiven und mechanistischen Studien dar.[2328] Primäre und sekundäre 3-Alkoxythiazol2(3H)-
thione können aus Alkoholen mit Hilfe des Mitsunobu-Verfahrens[29] oder aus Alkyl-
halogeniden und Alkyltosylaten durch nukleophile Substitution mit einem Thiohydroxamat-
Salz (Salz-Methode, Schema 2.2)[30] dargestellt werden. Für sekundäre O-Alkylthio-
hydroxamate erfolgt die C,O-Bindungsknüpfung unter Inversion der Konfiguration. 
 
Schema 2.2. Synthese eines Thiohydroxamsäure-O-esters aus dem 3-Hydroxy-5-(4-methoxy-
phenyl)-4-methylthiazol-2(3H)-thion (An = Anisyl) über das Tetraethylammonium-Salz der 
Thiohydroxamsäure und einem Alkyltosylat in einer SN2-Reaktion (Salz-Methode).
[30] 
 
 Tertiäre Thiohydroxamsäure-O-ester können aus O-Alkylisoharnstoffen[29,30] (Isoharn-
stoff-Methode) und Thiohydroxamsäuren hergestellt werden, wobei die Synthese dieser 
Verbindungen bislang nur in Ansätzen untersucht ist (Schema 2.3).[9,33,34] 
 
Schema 2.3. O-Alkylierung des 3-Hydroxy-5-(4-methoxyphenyl)-4-methylthiazol-2(3H)-thions 
mit tert-Butanol, Diisopropylcarbodiimid (DIC) und katalytischen Mengen Cu(I)Cl.[33,34]  
 Das größte Anwendungsgebiet primärer und sekundärer 3-Alkoxythiazol-2(3H)-thione 
als Vorläufer von Sauerstoff-Radikalen liegt in der stereoselektiven Synthese monocyclischer 
Tetrahydrofurane.[23,2628,30,35,36] Zu Beginn dieser Arbeit existierten kaum Ergebnisse zum 
Aufbau bi-, tri- oder polycyclischer Ether über dem Sauerstoff-Radikale. Eine Erweiterung des 
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Sauerstoff-Radikal-Verfahrens um die genannten Stoffklassen würde die Synthesechemie 
durch das Erschließen neuer Grundstrukturen bereichern. 
 
Schema 2.4. Intermolekulare Addition des tert-Butoxyl-Radikals an Norbornen.[37] 
 Reaktionen tertiärer Alkoxyl-Radikale sind aufgrund der eingeschränkten Verfügbar-
keit der Radikalvorläufer bis dato auf intermolekulare Additionen an Norbornen beschränkt 
(Schema 2.4).[37] Da die Verwendung tertiärer O-Radikale in Radikalcyclisierungen neue 
Synthesewege zu einer Vielzahl von Naturstoffen eröffnen würde, ist die systematische 
Untersuchung solcher Radikale von besonderem Interesse (Schema 2.5). 
 
Schema 2.5. Retrosynthese von Davanon über das Sauerstoff-Radikal-Verfahren. 
 
2.3 Aufgabenstellung 
Vor dem Hintergrund des dargelegten Forschungsstands widmet sich die vorliegende 
Arbeit folgenden Themenfeldern der Sauerstoffradikalchemie:  
 
 Synthese anellierter und verbrückter O-Alkylthiohydroxamate und Untersuchung der 
Selektivität in 4-Penten-1-oxyl-Radikalcyclisierungen beim Aufbau bicyclischer und 
tricyclischer Tetrahydrofurane. 
 Weiterentwicklung der Isoharnstoff-Methode zur Darstellung einer größeren 
strukturellen Vielfalt tertiärer O-Radikalvorläufer im präparativen Maßstab. 
 Untersuchung der Reaktivität tertiärer O-Radikale in intra- und intermolekularen 
Additionsreaktionen sowie der -H-Abstraktion.   
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3 Bi- und tricyclische Tetrahydrofurane  
aus substituierten 4-Penten-1-oxyl-Radikalen 
3.1 Zusammenfassung 
 Bei 1,2- und 2,3-anellierten 4-Penten-1-oxyl-Radikalen steuert der näher zur -
Bindung lokalisierte Substituent, als primärer Induktor, den stereochemischen Verlauf der 5-
exo-trig-Cyclisierung 2,4-cis- bzw. 2,3-trans-selektiv. Der Substituent mit größerer Distanz zur 
Doppelbindung fungiert als sekundärer Induktor. Seine relative Konfiguration zum primären 
Induktor erhöht die Diastereoselektivität im Falle einer trans-Konfiguration und senkt sie, 
wenn beide Substituenten cis zueinander angeordnet sind. 3,4-Anellierte sowie 2,5- und 3,5-
verbrückte 4-Penten-1-oxyl-Radikale mit eingeschränkter konformeller Flexibilität der 
Sauerstoffatom-tragenden Seitenkette cyclisieren 2,3-cis- bzw. 2,4-cis-spezifisch. Der 2,3-cis-
spezifische Ringschluss eines Verbenylethoxyl-Radikals liefert zwei -bromierte, tricyclische 
Tetrahydrofurane. Theoretischen Berechnungen zufolge sind Torsionsspannungen dafür 
verantwortlich, dass die Aktivierungsbarriere der 2,3-trans-Cyclisierung 55 kJ/mol höher ist 
als die Barriere für den 2,3-cis-Ringschluss, weshalb 2,3-trans-Produkte des Verbenylethoxyl-
Radikals experimentell nicht beobachtet werden 
 
3.2 Wissenschaftlicher Hintergrund, Zielsetzung und Strategie  
Eine Extrapolation von Richtlinien[1] zur Beschreibung von Selektivitäten beim Aufbau 
monocyclischer Verbindungen ist in den seltensten Fällen auf bicyclische Zielmoleküle über-
tragbar, da transannulare und andere Spannungseffekte in kaum vorhersagbarer Weise 
überlagern. Einflüsse cyclischer Substrukturen auf Stereoselektivitäten von 4-Penten-1-oxyl-
Radikalcyclisierungen in der Synthese bicyclischer Tetrahydrofurane lassen sich jedoch durch 
systematische Permutation des Verbrückungsschemas (Typ A−E, Abb. 3.1) erfassen und zur 
Weiterentwicklung stereochemischer Richtlinien nutzen.[2,3] 
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Abbildung 3.1. Anellierte (Typ A−C) und verbrückte (Typ D−E) 4-Penten-1-oxyl-Radikale. 
Gestrichelte Linie: cyclischer Rest / Verbrückung. 
 
Dem dargelegten Hintergrund folgend, hatte das Projekt zum Ziel, 
 den dominierenden stereochemischen Einfluss des Substituenten zu identifizieren, 
der die Selektivitäten von 1 und 2 (Typ A), 2 und 3 (Typ B) sowie 3 und 4 (Typ C) 
cycloalkylverbrückter 4-Penten-1-oxyl-Radikale in 5-exo-Cyclisierungen steuert und 
 die Systematik von Stereoselektivitäten in 5-exo-Cyclisierungen von 4-Penten-1- 
oxyl-Radikalen mit endo-cyclischen Doppelbindungen zu untersuchen (Typ D−E). 
 
3.3 Ergebnisse und Diskussion 
3.3.1 Synthese und Eigenschaften anellierter und verbrückter O-Alkylthiohydroxamate 
Die Synthese der Thiohydroxamsäure-O-ester 1a‒1h für die experimentell ange-
strebten Untersuchungen erfolgte durch selektive O-Alkylierung des 3-Hydroxy-4-methyl-
thiazol-2(3H)-thion Tetraethylammonium-Salzes mit substituierten 4-Pentenyltosylaten 
(Salz-Methode, Schema 3.1). Sekundäre O-Alkylthiohydroxamate (cis/trans-1a–1c) reagieren 
unter Inversion der Konfiguration zu stereochemisch homogenen Produkten.[4] 
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Schema 3.1. Salz-Methode (oben) zur Herstellung der anellierten und verbrückten Thio-
hydroxamsäure-O-ester 1a‒1h (unten). 
Die O-Radikalvorläufer wurden als farblose bis blassgelbe Öle (1a–b, cis-1c, 1f) oder 
als farblose Feststoffe (trans-1c, 1d–e, 1g, 1h) isoliert. Für 3-[(1-Methylcyclohex-1-en-4-yl)-
methoxy]-4-methylthiazol-2(3H)-thion (1g) zeigte die Kristallstrukturanalyse zwei Diastereo-
mere entlang der stereogenen Achse [N3O1] (Abb. 3.2). Beide nehmen eine Konformation 
ein, die aus dynamischen NMR-Studien von 3-Isopropoxy-4-methylthiazol-2(3H)-thion 
bekannt ist.[5] Um Abstoßungen durch die Thiocarbonyl- [C2,S2] und die Methyl-Gruppe [C6] 
auszuweichen, stehen Heterocyclus und Hexenyl-Rest dabei nahezu orthogonal zueinander 
[C2–N3–O1–C7 = 91.0(2)°]. 
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Abbildung 3.2. Ellipsoid Graphik (50% Wahrscheinlichkeit) des Hauptdiastereomers von 3-
[(1-Methylcyclohex-1-en-4-yl)-methoxy]-4-methylthiazol-2(3H)-thion (1g) im Kristall (150 K). 
Wasserstoffatome: farblose Kreise (willkürlicher Radius); Sauerstoff: rot, Stickstoff: blau, 
Schwefel: orange. C2–S2 = 1.666(1) Å, C2–N3 = 1.358(2) Å, N3–O1 = 1.386(2) Å. 
 
Die O-Alkylthiohydroxamate 1a‒1h absorbieren UV/Vis-Licht im Bereich von 
ϯϭϳ−ϯϭϵ nm und zeigen charakteristische 13C-NMR-Verschiebungen für den Thiocarbonyl-
Kohlenstoff (C2: 180 ppm), den Kohlenstoff in Position 5 des Thiazol-2(3H)-thion-Kerns (C5: 
102 ppm) und die Ester-Kohlenstoffe (C7: 74.8–92.1 ppm), wobei trans-konfigurierte Ester 
1a−1e einen stärkeren Tieffeld-Shift für Sauerstoff-gebundene Kohlenstoffe (C7) zeigen als 
die cis-Stereoisomere.[6] 
 
3.3.2 Typ A: 1,2-anellierte O-Alkylthiohydroxamate 
 Thermische und photochemische Reaktionen der 1,2-Cyclopentyl-anellierten Thio-
hydroxamsäure-O-ester 1a−1b mit Bromtrichlormethan liefern nur geringe Mengen der -
bromierten Oxabicyclen 2a−2b (Tabelle 3.1). Als Hauptprodukte entstehen die -Brom-
aldehyde 3a−3b. Die 1,2-Cyclohexyl-anellierten-Analoga cis/trans-1c cyclisieren selektiv zu 
den Tetrahydrofuranen cis/trans-2c und bilden nur bei thermischen Reaktionsbedingungen 
das -Bromaldehyd 3c als Nebenprodukt (Tabelle 3.2).  
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Tabelle 3.1. Produkte thermischer und photochemischer Umsetzungen der 1,2-Cyclopentyl-
anellierten Thiohydroxamsäure-O-ester cis/trans-1a und cis-1b mit Bromtrichlormethan 
 
Eintrag             1a R Bedingungen 2 / % (3,5-cis:trans) 3 / % 2:3 / % krel 
1 cis-1a H h / 25 °C 2a: 10 (70:30) 3a: 60 14:86 0.17 
2 cis-1a H AIBN / 80 °C 2a:   8 (71:29) 3a: 54 13:87 0.15 
3 cis-1b CH3 h / 25 °C 2b: 49 (64:36) 3b: 31 61:39 1.55 
4 cis-1b CH3 AIBN / 80 °C 2b: 34 (56:44) 3b: 35 49:51 0.97 
5 trans-1a H h / 25 °C – b 3a: 44  – – 
6 trans-1a H AIBN / 80 °C – b 3a: 73  – – 
a Stereodeskriptor für relative Konfiguration der Anellierung, b nicht beobachtet (GC, NMR). 
Tabelle 3.2. Produkte thermischer und photochemischer Umsetzungen der 1,2-Cyclohexyl-
anellierten Thiohydroxamsäure-O-ester cis/trans-1c mit Bromtrichlormethan 
 
Eintrag 1ca Bedingungen 2c / % (1,8-cis:trans) 3c / % 2:3 / % krel 
1 cis-1c h / 25 °C 45 (89:11) – b – – 
2 cis-1c AIBN / 80 °C 61 (68:32) 12 84:16 5.08 
3 trans-1c h / 25 °C 49 (92:08) – b – – 
4 trans-1c AIBN / 80 °C 70 (87:13) 8 90:10 8.75 
a Stereodeskriptor für relative Konfiguration der Anellierung, b nicht beobachtet (GC, NMR).  
 Typ-A-anellierte 4-Penten-1-oxyl-Radikale (cis/trans-1c) cyclisieren 2,4-cis-selektiv 
und demonstrieren damit, dass der dominierende Stereoinduktor für Ringschlussreaktionen 
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der Substituent in Position 2 ist. Betrachtungen mit Hilfe eines erweiterten Twist-Modells 
zeigen, dass die 2,4-cis-Cyclisierungen aufgrund von Abstoßungen in den trans-Übergangs-
zuständen bevorzugt wird (Abb. 3.2). 
 
Abbildung 3.2. 5-exo-Übergangszustände cyclohexyl-anellierter Typ-A-Radikale (schwarze 
Kreise: räumlich nahe H-Atome; weiße Kreise ekliptisch angeordnete H-Atome).  
 
 1,2-Cyclopentyl-anellierte 4-Penten-1-oxyl-Radikale fragmentieren aufgrund der 
signifikanten Cyclopentylspannung[12] in hohem Maße (Tabelle 3.1). Mengen an Cylisierungs-
produkten steigen dabei für cis-konfigurierte Radikalvorläufer (cis-1a) sowie in Gegenwart 
terminaler Methylgruppen (cis-1b). Mit einem 60:40-Verhältnis zwischen Cyclisierung und 
Fragmentierung ist für 4-Penten-1-oxyl-Radikale mit dem gespannten Fünfring das beste 
Resultat erreicht (Tabelle 3.1, Eintrag 3).  
Die relative Reaktivität zwischen Addition (k5-exo) und Fragmentierung (kFrag) der 
Radikale Ia−Ic (cIa−IĐ = 0.167 M, Schema 3.2) spiegelt sich in den Ausbeuteverhältnissen der 
Produkte [2]/[3] wider, da für beide Reaktionen kinetische Kontrolle sowie Bedingungen 
pseudo-erster Ordnung (cBr = 1.67 M) vorliegen.
[7,8] Für die Fragmentierung basiert diese 
Näherung auf der höheren effektiven Geschwindigkeitskonstante des Bromeinfangs (kBreff = 
4.3 × 108 s−1) der Radikale IIIac im Vergleich zur 5-exo-Cyclisierung des 4-Formylbutyl-
Radikals (k5-exo = 8.7 × 105 s−1, 80 °C).[9] kBreff wurde aus der Bromtrichlormethan-Konzen-
tration cBr und der Geschwindigkeitskonstante des Bromatomeinfangs k
Br des Hept-6-en-2-
yl-Radikals (kBr = 2.6 × 108 M−1 s−1, 26 °C)[10] abgeschätzt. Das Verhältnis zwischen 4-Penten-1-
oxyl-Radikalcyclisierung (k5-exo = 5.2 × 108 s−1, 26 °C)[11] und Cyclopentoxyl-Radikalfragmen-
tierung (kFrag = 4.8 × 108 s−1, 80 °C)[9] erlaubt als Referenzsystem Rückschlüsse auf absolute 
Geschwindigkeitskonstanten für die Reaktion der Radikale Ia−Ic. 
3 BI- UND TRICYCLISCHE TETRAHYDROFURANE 23 
 
Schema 3.2 Konkurrenzkinetische Betrachtung der Fragmentierung (kFrag) und 5-exo-Addi-
tion (k5-exo) der Typ-A-Radikale Iac für die mechanistische Interpretation der Reaktivität und 
Chemoselektivität. 
 
3.3.3 Typ B: 2,3-anellierte O-Alkylthiohydroxamate 
 Die 2,3-Cyclohexyl-anellierten Thiohydroxamate cis/trans-1d reagieren in photo-
chemischen und thermischen Umsetzungen mit Bromtrichlormethan zu diastereomeren 
Mischungen der anellierten-Tetrahydrofurane cis/trans-2d. Als Nebenprodukte entstehen 
die Tetrahydropyrane cis/trans-4d (Tabelle 3.3, Eintrag 14). Die Prenyl-abgeleiteten Typ-B-
Derivate cis/trans-1e cyclisieren innerhalb der NMR- und GC/MS-Nachweisgrenze stereo- 
und regiospezifisch zum 5-exo-Bicyclus 6,7-trans-2e. 
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Tabelle 3.3. Produkte thermischer und photochemischer Cyclisierungen der 2,3-anellierten 
Thiohydroxamate cis/trans-1d1e mit Bromtrichlormethan 
 
Eintrag              1a    Bedingungen R 2 / % 
(6,7-cis:trans) 
4 / % 
(1,2-cis:trans) 
exo:endo 
1 cis-1d h / 25 °C H 2d: 70 (20:80) 4d: 3 (95:5) b 96:4 
2 cis-1d AIBN / 80 °C H 2d: 81 (21:79) 4d: 5 (95:5) b 94:6 
3 trans-1d h / 25 °C H 2d: 57 (7:93) 4d: 10 (50:50) 85:15 
4 trans-1d AIBN / 80 °C H 2d: 70 (10:90) 4d: 17 (41:59) 80:20 
5 cis-1e h / 25 °C CH3 2e: 80 (5:95) b 4e:       – c – 
6 cis-1e AIBN / 80 °C CH3 2e: 95 (5:95)
 b 4e:       – c – 
7 trans-1e h / 25 °C CH3 2e: 81 (5:95) b 4e:       – c – 
8 trans-1e AIBN / 80 °C CH3 2e: 94 (5:95)
 b 4e:       – c – 
a Stereodeskriptor für relative Konfiguration der Anellierung, b innerhalb der GC/MS- und 
NMR-Nachweisgrenze nur ein Isomer detektiert, c nicht beobachtet (NMR, GC/MS). 
 Der 2,3-trans-selektive Ringschluss 2,3-anellierter 4-Penten-1-oxyl-Radikale (Typ-B) 
verdeutlicht, dass die Stereochemie maßgeblich durch den Substituent bestimmt wird, der 
näher zur Doppelbindung steht (Position 3). Ursache der 2,3-trans-Selektivität ist, dem er-
weiterten Twist-Modell zufolge (Abb. 3.3), die sterische Hinderung zwischen den H-Atomen 
der -Bindung und der Cyclohexyl-Einheit während des 2,3-cis-Ringschlusses. Für terminale 
Methyl-Gruppen nimmt die räumliche Abstoßung zu. 
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Abbildung 3.3. Übergangszustände der Typ-B-Vorläufer 1d/e (schwarze Kreise: H-Atome, die 
an 1,3-diaxialen Abstoßungen beteiligt sind; weiße Kreise: ekliptisch angeordnete H-Atome).  
 
3.3.4 Typ C: 3,4-anelliertes O-Alkylthiohydroxamat 
 Das 3,4-Cyclohexyl-anellierte Thiazol-2(3H)-thion 1f cyclisiert in Gegenwart von 
Bromtrichlormethan, photochemisch wie thermisch, unter stereospezifischer Bildung des 
Oxabicyclus (±)-cis-2f (Tabelle 3.4). Darüber hinaus entsteht mit einem relativen Anteil von 
maximal 47% das 6-endo-Produkt 1-Bromo-3-oxabicyclo[4.4.0]decan (4f).  
 
Tabelle 3.4. Produkte des Typ-C-Vorläufers 1f der thermischen und photochemischen Um-
setzungen mit Bromtrichlormethan 
 
Eintrag Bedingungen cis-2f / % 4f / % (1,6-cis:trans) exo:endo 
1 h/ 25 °C 24 21 (19:81) 53:47 
2 AIBN / 80 °C 35 22 (32:68) 61:39 
 
Der 5-exo-Ringschluss des 3,4-anellierten 4-Penten-1-oxyl-Radikals If kann aufgrund 
der eingeschränkten Flexibilität der Seitenkette nur 2,3-cis-spezifisch erfolgen (Schema 3.3). 
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Schema 3.3. Stereo- und regiochemischer Verlauf der exo- bzw. endo-Addition des Typ-C-
Radikalvorläufers 1f in Gegenwart von Bromtrichlormethan. 
 
3.3.5 Typ D: 2,5-verbrücktes O-Alkylthiohydroxamat 
 Intramolekulare Additionen des 2,5-verbrückten Thiohydroxamsäure-O-esters 1g 
liefern für thermische und photochemische Reaktionen mit Bromtrichlormethan die Bicyclen 
cis/trans-2g (Tabelle 3.5). 
 
Tabelle 3.5. Produkte der 5-exo-Additionen des Cyclohexenyl-substituierten Thiohydroxam-
säure-O-esters 1g in Gegenwart von Bromtrichlormethan 
 
Eintrag Bedingungen trans-2g / % cis-2g / % 1,2-cis:trans 
1 h / 25 °C 46 18 28:72 
2 AIBN / 80 °C 58 14 19:81 
 
 Der 2,4-cis-stereospezifische 5-exo-Ringschluss des Typ-D-anellierten 4-Penten-1-
oxyl-Radikals Ig ist das Resultat der eingeschränkten Flexibilität der Sauerstoffatom-tragen-
den Seitenkette (Schema 3.4). 
 
 
Schema 3.4. 5-exo-trig-Cyclisierung des Radikals Ig. 
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3.3.6 Typ E: 3,5-verbrücktes O-Alkylthiohydroxamat  
 Die photochemische Umsetzung des 3,5-verbrückten Verbenol-abgeleiteten Thio-
hydroxamats 1h mit Bromtrichlormethan bildet als Hauptprodukt den bromierten Oxa-
tricyclus 5 neben geringen Mengen des Isomer 6 (Schema 3.5).  
 
Schema 3.5. Produkte der photochemischen Umsetzung des 3,5-verbrückten Verbenol-
Radikalvorläufers 1h in Gegenwart von Bromtrichlormethan.  
 
 Die erhaltenen Tricyclen 5 und 6 entstehen durch Folgereaktionen der 5-exo-trig-
Cyclisierung (IhIIh). Zum Abbau von Ringspannung lagert die Cyclobutyl-Einheit in IIh um, 
sodass die stabileren Radikale V und VI gebildet werden. Der anschließende Radikaleinfang 
mit Bromtrichlormethan liefert die Produkte 5 und 6 (Schema 3.6). 
 
Schema 3.6. Reaktionskaskade aus Cyclisierung, Umlagerung und Bromatomeinfang des 
Radikals Ih bei der Bildung der Tricyclen 5 und 6.  
Typ-E-anellierte 4-Penten-1-oxyl-Radikale cyclisieren 2,3-cis-spezifisch, da die Flexi-
bilität der Seitenkette eingeschränkt ist. 
 Um Barrieren abschätzen zu können, die mit dem cis- und trans-Ringschluss von 1h 
verbunden sind, wurden in Kooperation mit Jens Hartung Energien für den cis- und trans-
spezifischen Ringschluss des Modell-Radikals 1-(Cyclohexen-3-yl)-2-ethoxyl-Radikal Ii, 
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berechnet.[13,14] Die bekannten Energien der 5-exo-Reaktion des 4-Penten-1-oxyl-Radikals Ij 
wurden für den intramolekularen Vergleich herangezogen, während der energetisch 
ungünstige Angriff des Methoxyl-Radikals Ik an das interne Kohlenstoffatom (C2) von Propen 
aus struktureller Analogie zu den Radikalen Ii und Ij der Gegenüberstellung der 
intermolekularen Addition diente (Tabelle 3.6).[15,16]  
Stark exotherme Reaktionsverläufe (RE) der betrachteten Radikale verdeutlichen 
eine kinetische Reaktionskontrolle mit frühen Übergangszuständen (Hammond-Postulat)[17] 
– Fakten, die sich bereits in früheren Studien mit der B3LYP/6-31+G**-Methode ausreichend 
beschreiben ließen.[18,19] Die Berechnungen liefern die Übergangsstrukturen cis-IIi (ax), cis-IIi 
(eq) und trans-IIi, sowie die zugehörigen Reaktions- (RE) und Aktivierungsenergien (Eΐ) 
(Tabelle 3.6).  
 
Tabelle 3.6. Berechnete Übergangzustände und Energien (B3LYP/6-31+G**-Methode) der 
Alkoxyl-Radikale pe-Ii, pa-Ii, Ij und Ik  
 
Unter Verwendung der Marcus-Theorie[2022] (Gleichungen 1 und 2) können die 
berechneten Werte für RE und Eΐ Informationen über Energien der Bindungsbildung bzw. 
-lösung (EΐTD) und über sterische Effekte (Eΐi) liefern. Die Berechnungen zeigen, dass der 
2,3-cis-Ringschluss von Ii (1h) energetisch deutlich günstiger ist als die 2,3-trans-Cyclisierung. 
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Eine intrinsische Barriere (Eΐi) von fast 90 kJ/mol ist dafür verantwortlich, dass 2,3-trans 




3.4 Fazit und Ausblick 
Anellierte und verbrückte 4-Penten-1-oxyl-Radikale cyclisieren in stereochemisch 
vorhersagbarer Weise. Für anellierte Substrate des Typs A und B dominiert der näher zur 
Doppelbindung befindliche Substituent (primärer Induktor) über die Stereochemie der 5-
exo-Reaktion, sofern es sich um gleiche Reste handelt. Die relative Konfiguration beider 
Substituenten zueinander verbessert (trans) oder verschlechtert (cis) die Stereoselektivität. 
Verbindungen mit konformell eingeschränkter Seitenkette cyclisieren cis-spezifisch an exo- 
und endo-cyclische -Bindungen (Typen CE). Daraus lässt sich ableiten, dass 4-Penten-1-
oxyl-Radikale mit drei gleichen Induktoren in den Positionen 1, 2 und 3 vermutlich der hier 
erkennbaren stereochemischen Prioritätsabstufung folgen, wonach der Einfluss der 
Induktoren mit zunehmendem Abstand zur Doppelbindung sinkt. Denkbar ist darüber 
hinaus, dass Substituenten größerer Sterik (z.B. tert-Butyl) in Positionen mit geringerem 
stereochemischen Einfluss (z.B. Position 2) Induktoren höherer Hierarchie (z.B. Methyl in 
Position 3) zu übersteuern vermögen und der Übersteuerungseffekt durch Substituenten 
unterschiedlicher Polarität beeinflusst werden kann. Diese Hypothesen sind Ziele zukünftiger 
Arbeiten und tragen dazu bei, die derzeitige Vielfalt Tetrahydrofuran-abegleiteter Derivate in 
der Synthesechemie um weitere bi-, tri- oder sogar polycyclische Teilstrukturen zu be-
reichern. 
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50 3 BI- UND TRICYCLISCHE TETRAHYDROFURANE 
  
3 BI- UND TRICYCLISCHE TETRAHYDROFURANE 51 
  
52 3 BI- UND TRICYCLISCHE TETRAHYDROFURANE 
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4. Erzeugung und Reaktivität tertiärer O-Radikale 
4.1 Zusammenfassung 
 O-tert-Alkylthiohydroxamate dienen als Quellen tertiärer Sauerstoff-Radikale und 
sind in Ausbeuten von bis zu 64 % aus tertiären O-Alkylisoharnstoffen und 3-Hydroxy-5-(4-
methoxyphenyl)-4-methylthiazol-2(3H)-thion synthetisierbar. Geschwindigkeitskonstanten k 
aus Umsetzungen der O-Radikalvorläufer in Gegenwart von Bromtrichlormethan spiegeln die 
hohe Reaktivität der tertiären O-Radikale in typischen Elementarreaktionen wider. Das 5-
Phenyl-2-methylpent-2-oxyl-Radikal abstrahiert intramolekular ein -H-Atom mit einer 
Geschwindigkeitskonstante von kSubst = 107108 s1. Eine Größenordnung höher ist die 
Geschwindigkeitskonstante der 5-exo-Addition des 2-Phenyl-5-hexen-2-oxyl-Radikals (k5-
exo = 108109 s1), dessen Ringschluss 2,5-cis-selektiv erfolgt. Der exo-spezifische Angriff des 
p-Chlorcumyloxyl-Radikals an Norbornen erfolgt mit einer bimolekularen Geschwindigkeits-
konstante von kAdd = 1 × 107 M−1 s1. Ursache der exo-spezifischen Addition an Norbornen 
sowie der 2,5-cis-Cyclisierung sind Torsionsspannungen in den endo- bzw. 2,5-trans-
Übergangszuständen, was theoretische Analyseverfahren in diesem Zusammenhang 
verdeutlichen. 
 
4.2 Wissenschaftlicher Hintergrund, Zielsetzung und Strategie 
 Um tertiäre O-Radikale in der organischen Synthesechemie routinemäßig einsetzen 
zu können, müssen deren Reaktivitäten und Selektivitäten bekannt sein. Fundamental sind 
hierbei Methoden zur Darstellung tertiärer O-Radikalvorläufer sowie zur Freisetzung 
entsprechender O-Radikale unter neutralen und nicht-oxidativen Bedingungen.[ϭ−2] Versuche, 
etablierte Syntheseverfahren für primäre und sekundäre Thiohydroxamate[2−4] auf die 
Synthese tertiärer O-Ester zu übertragen, gelangen in frühren Arbeiten nur ansatzweise.[1,5] 
Erst durch Einsatz tertiärer O-Alkylisoharnstoffe[6−8] als Alkylierungsregenzien konnten 
tertiäre O-Alkylthiohydroxamate[9] in Ausbeuten von bis zu 25 % hergestellt werden (Schema 
4.1).[5,10] Analysen weiterer Reaktionsprodukte, die erlaubt hätten den Reaktionsverlauf 
genauer zu verstehen und die Reaktionsparameter ausbeutesteigernd anzupassen, blieben 
bisher aus. Um die Chemie tertiärer Alkoxyl-Radikale aus Thiohydroxamsäure-O-ester 
weiterzuentwickeln, war das Ziel dieses Projektes, die Synthese tertiärer O-Alkylthio-
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hydroxamate im präparativen Maßstab zu erschließen. Die dargestellten Zielmoleküle bilden 
dabei die Basis für konkurrenzkinetische Experimente im zweiten Teil der Studie, um mit 
Hilfe des Radikaluhr-Konzepts[11,12] Referenzreaktionen in der Sauerstoff-Radikalchemie 
kinetisch zu kalibrieren. 
 
Schema 4.1. Veresterung tertiärer Alkohole durch O-Alkylisoharnstoffe. Rtert = CY3 mit Y = 
Alkyl, Aryl; HX = Carbon- oder Thiohydroxamsäure.  
 
 Für die vorliegenden Studie ergaben sich folgende Aufgabenstellungen, um Grund-
lagen für eine Anwendung tertiärer O-Radikale in der organischen Synthese zu schaffen.  
 
 Prüfung der Isoharnstoff-Methode unter Verwendung von Thiohydroxamsäuren und 
tertiären Alkoholen auf Ausbeutensteigerungen und weitere Reaktionsprodukte. 
 Nutzung der tertiären Thiohydroxamsäure-O-ester als O-Radikalquellen für die -H-
Abstraktion, 5-exo-trig-Cyclisierung und intermolekulare Addition.  
 Formulierung von quantitativen Aussagen zur Reaktivität und Selektivität tertiärer O-
Radikale mit Hilfe unimolekularer Vergleichsreaktionen und theoretischer Analyse-
verfahren. 
 
4.3 Ergebnisse und Diskussion 
4.3.1 Erzeugung und Eigenschaften tertiärer O-Alkylthiohydroxamate  
 O-Alkyl- und O-Cumylisoharnstoffe entstehen in situ aus den Alkoholen 1a−1f und 
Diisopropylcarbodiimid (DIC) in Gegenwart katalytischer Megen Kupfer(I)-chlorid. Mit 3-
Hydroxy-5-(4-methoxyphenyl)-4-methylthiazol-2(3H)-thion (MAnTTOH, 2) reagieren die 
Isoharnstoffe zu den tertiären O-Alkylthiohydroxamaten 3a−3f. Zusätzliche Reaktions-
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produkte sind Eliminierungsprodukte der Alkohole 1c−1f ;ϭϮ−Ϯϰ % pro Millimol MAnTTOH, 
nicht abgebildet) sowie die N-Oxide 4a−4f (Tabelle 4.1). 
 
Tabelle 4.1. Produkte und Ausbeuten der Umsetzung von 3-Hydroxy-5-(4-methoxyphenyl)-4-
methylthiazol-2(3H)-thion (2) mit O-Alkyl- und O-Cumylisoharnstoffen 
 
Eintrag 1 / 3 / 4 R1 R2 T / °C 3 / % Schmp. 3 / °C 4 / % 
1 aa CH3 CH3 24 ϱϴ−ϲϰc 112 25e 
2 ba CH3 C2H5 0 ϰϱ−ϰϳd 72 33e 
3 ca CH3 (CH2)3C6H5 0 44 64 11
e 
4 db CH3 C6H5 −30 15 108 38 
5 eb CH3 p-ClC6H4 −30 13 95 33 
6 fb (CH2)2CH=CH2 C6H5 −30 18 110 27e 
a 5.5-facher Überschuss an tertiärem Alkohol und DIC, pro Millimol MAnTTOH (2), b 2-facher 
Überschuss an tertiärem Alkohol und DIC, pro Millimol MAnTTOH (2), c aus fünf Experi-
menten, d Wert aus drei Experimenten, e 1H-NMR-Ausbeute. 
 Als blassgelbe oder farblose Feststoffe zeigen die Thiohydroxamsäuren 3a−3f charak-
teristische UV/Vis-AďsorptioŶsďaŶdeŶ ďei ϯϯϲ−ϯϯϴ nm[13,14] und sind Ausgangsverbindungen 
für die Untersuchung der konkurrenzkinetischen Reaktionen. Mit Hilfe des entwickelten 
Verfahrens sind präparative Mengen an O-Alkylthiohydroxamaten (beispielsweise 1.5 g an 
3f) für die angestrebten Untersuchungen zugänglich. 
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4.3.2 Reaktivität und Selektivität tertiärer O-Radikale in Elementarreaktionen 
(A) Homolytische Substitution 
 Thermische und photochemische Umsetzungen des O-(2-Methyl-5-phenylpentyl)-
thiohydroxamats 3c in Gegenwart von Bromtrichlormethan liefern als Hauptprodukt 2,2-
Dimethyl-5-phenyltetrahydrofuran (6) (Tabelle 4.2). Als Nebenprodukte entstehen 2-Methyl-
5-phenylpentan-2-ol (1c), Aceton (7) und das in situ gebildete -Bromhydrin 5, das nach 
spontaner HBr-Eliminierung zu Produkt 6 kondensiert. Aus dem Thiazolthion-Fragment 
bilden sich das Disulfid 8 und das Abfangprodukt 5-(4-Methoxyphenyl)-4-methyl-2-
(trichlormethylsulfanyl)thiazol (9). 
Tabelle 4.2. Produkte und Ausbeuten der Umsetzungen des 3-(5-Phenyl-2-methylpent-2-
oxy)thiazol-2(3H)-thions 3c mit Bromtrichlormethan 
 
Eintrag Bedingungen Solvens 1c/% 5/% 6/% 7/% 8/% 9/% 
1 h / 25 °Ca C6D6 36 41 22 ϯ−ϱ 40 10 
2 h / 25 °C C6D5CF3 23 − c 58 − b 34 27 
3 AIBN / 80 °C C6H6 −b − c 61 − b − b −b 
a In situ-Messung (1H-NMR) nach 2 h bei 21 °C, interner Standard: Pentachlorbenzol, b nicht 
bestimmt, c nicht beobachtet. 
Das Produktverhältnis [5+6]/[7] spiegelt die relative Reaktivität zwischen Substitution 
und Fragmentierung wider (Schema 4.2). Mit der Geschwindigkeitskonstanten der Fragmen-
tierung des tert-Butoxyl-Radikals (kFrag = 2.0  104 s–1, 25 °C in C6H6)[15] und einem Korrektur-
faktor Fc ;ϭϱϬ−ϯϱϬͿ[16,17] für die bevorzugte Abspaltung eines Ethyl-Radikals anstelle eines 
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Methyl-Radikals, kann nach Gleichung 1 die Geschwindigkeitskonstante kSubstIc berechnet 
werden. Sie beträgt für das Radikal Ic: kSubstIc = 0.4–1.5  108 s–1 (25 °C, C6D6). 
 
Schema 4.2. Konkurrenzkinetische Betrachtung der Substitution (kSubst) und Fragmentierung 
(kFrag) des Alkoxyl-Radikals Ic in Gegenwart von Bromtrichlormethan.  
 
 
 (B) Intramolekulare Addition 
 Die Bestrahlung von (2-Phenyl-5-hexen-2-oxyl)-thiazol-2(3H)-thion 3f in Gegenwart 
von Bromtrichlormethan liefert als Hauptprodukte die diastereomeren, -bromierten Tetra-
hydrofurane cis-10 und trans-10 (Schema 4.3). Weitere Reaktionsprodukte sind der tertiäre 
Alkohol 1f und das Fragmentierungsprodukt Acetophenon (11).  
 
Schema 4.3. Umsetzung von 2-Phenyl-5-hexen-2-yl-esters 3f in Gegenwart von Bromtrichlor-
methan. Weitere Produkte: Disulfid 8 (30%) und Abfangprodukt 9 (45%). 
 Die Geschwindigkeitskonstanten des cis- und trans-Ringschlusses des Radikals If erge-
ben sich nach Gleichung 2 aus den Ausbeutenverhältnissen der Produkte cis/trans-10 und 11 
sowie der Geschwindigkeitskonstanten der Fragmentierung des 2-(4-Methyphenyl)-but-2-
oxyl-Radikals zum (4-Methylphenyl)methylketon (kFrag = 2.5 × 108 s–1, 22 °C in CH3CN)[16] 
(Schema 4.4). Daraus ergibt sich: k5-exo(cis)If = 3 × 109 s–1 und k5-exo(trans)If = 1 × 109 s–1. 




Schema 4.4. Konkurrenzkinetische Betrachtung der intramolekularen Addition (k5-exo) und 
Fragmentierung (kFrag) des Alkoxyl-Radikals If in Gegenwart von Bromtrichlormethan.  
 
 Das O-Radikal If cyclisiert 2,5-cis-selektiv, was anhand von Berechnungen[18] auf Basis 
des Twist-Modells in Kooperation mit Jens Hartung darauf zurückgeführt werden kann, dass 
für einen axial gebundenen Phenyl-Rest in paralleler Stellung zur Vinyl-Gruppe (cis-2T
3) 
geringere sterische Wechselwirkungen entstehen, als es für die axiale Anordnung der 
Methyl-Gruppe (trans-2T3) der Fall ist (Abbildung 4.1). Übergangszustände, bei denen C3 und 
die Vinyl-Gruppe auf der gleichen Seite stehen (cis-2T3 und trans-2T
3), sind aufgrund 
sterischer und ekliptischer Abstoßungen generell ungünstiger. 
 
 
Abbildung 4.1 Twist-Modell-Übergangszustände zur Beschreibung der Stereoselektivität in 
5-exo-Cyclisierungen des O-Radikals If. Graue Kugel = Methyl-Gruppe. 
  
4. ERZEUGUNG UND REAKTIVITÄT TERTIÄRER O-RADIKALE 59 
 
(C) Intermolekulare Addition 
 Bimolekulare Additionsreaktionen zwischen tert-Butyl- 3a, Cumyl- 3d oder p-
Chlorcumyl-substituierten Thiohydroxamsäure-O-ester 3e mit Norbornen (12) liefern nach 
photochemischer Aktivierung in Gegenwart von Bromtrichlormethan die 2-Brom-3-alkoxy-
bicyclo[2.2.1]heptane (14a, 14d und 14e), die Ketone 7, 11 und 13 sowie die Alkohole 1a, 1d 
und 1e (Tabelle 4.3).[19,20] Norbornen (12) bietet dabei den Vorteil, dass dessen allylische H-
Atome, aufgrund einer hohen Bindungsdissoziationsenergie (453.5  4 kJ/mol)[21] des geo-
metrisch gespannten Substrats, nicht abstrahiert werden können. 
 
Tabelle 4.3. Produkte der intermolekularen Additionsreaktion der Thiohydroxamate 3a, 3d 
und 3e mit Norbornen (12) in Gegenwart von Bromtrichlormethan 
 
Eintrag 3 R c0
12/ M 1 / % 7 / 11 / 13 / %  14 (2-exo:2-endo)b / % 
1 3a CH3 2.760 1a:a 7a 14a: 20 (20:80) 
2 3d C6H5 2.760 1d:a 11a 14d: 46 (28:72) 
3 3e p-ClC6H4 2.760 1e:a 13a 14e: 44 (28:72) 
4 3ed p-ClC6H4 0.210 1e: 27 13: 19 14e: 36 (30:70) 
5 3ed p-ClC6H4 0.105 1e: 30 13: 30 14e: 29 (24:76) 
6 3ed p-ClC6H4 0.050 1e: 38 13: 27 14e: 12 (22:78) 
a nicht bestimmt, b 3-exo-Konfiguration für beide Stereoisomere, c nicht beteiligt, d GC-
Analyse und Ausbeuten der Reaktionsprodukte. 
 Zur Abschätzung der bimolekularen Geschwindigkeitskonstanten dienen die Aus-
beuten an 14e und 13 bei verschiedenen Norbornenkonzentrationen (Tabelle 4.3, Eintrag 
46, Schema 4.5). Unter Zugrundelegung der Fragmentierung von Ie zu p-Chloracetophenon 
(13) (kFragIe = 1 × 106 s–1, 22 °C in CH3CN)[22] ergibt sich nach Gleichung 3 die Geschwindig-
keitskonstante kAddIe der intermolekularen Addition von Ie an Norbornen (12) in ,,-
Trifluortoluol bei 25 °C. Sie beträgt kAddIe = 1 × 107 M–1 s–1.  
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Schema 4.5. Konkurrenzkinetische Betrachtung der Addition (kAdd) und Fragmentierung 
(kFrag) des Radikals Ie in Gegenwart von Norbornen (12) und Bromtrichlormethan.  
 
Die tertiären O-Radikale Ia, Id, Ie addieren exo-spezifisch an Norbornen (12), ähnlich 
wie das sterisch weniger gehinderte Methoxyl-Radikal.[9,10,19] Der anschließende Bromein-
fang verläuft trans-selektiv (Abbildung 4.2). 
 
Abbildung 4.2. Angriffsmöglichkeiten von Bromtrichlormethan am 2-Alkoxybicyclo[2.2.1]-
heptan-3-yl-Radikal exo-VI. R = (CH3)3C, C6H5, p-Cl-C6H4. 
Reaktions- (RE) und Aktivierungsenergien (Eΐ) des exo- und endo-selektiven 
Angriffs tertiärer Alkoxyl-Radikale an Norbornen (12) wurden in Kooperation mit Jens 
Hartung berechnet. Als Modell-Radikale dienten das tert-Butoxyl-Radikal Ia sowie zur 
Berücksichtigung sterischer Aspekte das Methoxyl-Radikal Ig. Beide Radikale zeigen 
unabhängig von verwendeten Dichtefunktionalverfahren (B3LYP/6-31+G**, BHandHLYP/6-
31+G** und BHandHLYP/6-311G**)[Ϯϯ−Ϯϳ] einen stark exothermen Reaktionsverlauf mit 
vergleichbaren Barrieren für die exo- und endo-Addition an Norbornen (12) (RE, Tabelle 4.4 
exemplarisch für B3LYP/6-31+G**), was gemäß dem Hammond-Postulat[28] kinetische 
Reaktionskontrolle und frühe, Edukt-ähnliche Übergangszustände impliziert.  
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Tabelle 4.4. Energien (B3LYP/6-31+G**) der exo- und endo-Addition des Methoxyl- und des 
tert-Butoxyl-Radikals an Norbornen (12). Ia: R = C(CH3)3, Ig: R = CH3.  
 
Eintrag Radikal Eΐ /kJ mol1 RE /kJ mol1 Eiΐ /kJ mol1 EΐTD /kJ mol1 
1 exo-VIa 14.8 66.6 41.4 26.6 
2 endo-VIa 30.4 67.0 59.2 28.8 
3 exo-VIg 7.7 80.5 37.0 29.3 
4 endo-VIg 20.3 78.8 52.3 32.0 
 
Die berechneten Reaktions- (RE) und Aktivierungsenergien (Eΐ) erlauben unter 
Anwendung der Marcus-Theorie[2830], Aussagen zu intrinsischen Barrieren (Eiΐ, Spannung / 
Sterik) einer thermoneutralen Reaktion (Gleichung 4) sowie zu thermodynamischen 
Barrieren (EΐTD: Energien des Bindungsbruch bzw. der Bindungsbildung, Gleichung 5) für die 
intermolekularen exo- und endo-Additionen der Radikale Ia und Ig an Norbornen (12) zu 
formulieren (Tabelle 4.4). 
 
Den Berechnungen zufolge ist die exo-Addition (exo-VI) beider Radikale (Ia, Ig) mit 
geringeren Spannungseffekten verbunden als die endo-Addition (endo-VI) (Eiΐ, Tabelle 4.4). 
Thermodynamische Beiträge (EΐTD) und Angriffsmöglichkeiten beider Radikale sind ver-
gleichbar, woraus folgt, dass intrinsische Effekte für die exo-Selektivität verantwortlich sind 
und mit zunehmender Sterik des Alkoxyl-Radikals steigen. 
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Der exo-Angriff des O-Radikals an die -Bindung von 12 hat zur Folge, dass sich das 
Wasserstoffatom an C2 in die endo-Richtung bewegt, während sich das benachbarte 
olefinische Wasserstoffatom an C3 zum O-Radikal hin orientiert. Die daraus resultierende, 
synklinale Anordung des Wasserstoffatoms an C2 und dem Brückenkopf-Wasserstoffatom an 
C1 ist mit geringeren Tosrionsspannungen verbunden als es für einen endo-Angriff des O-
Radikals der Fall wäre, der zu ekliptisch angeordneten Wasserstoffatomen an C1 und C2 
führt (Abbildung 4.3). 
 
Abbildung 4.3. Exo- und endo-Angriff eines tertiären O-Radikals an Norbornen (12). Weiße 
Kugeln: Brückenkopf H-Atome; schwarze Kugeln: olefinische H-Atome. 
 
4.4 Fazit & Ausblick  
 Der synthetische Zugang zu tertiären O-Alkylthiohydroxamten mit Hilfe der Isoharn-
stoff-Methode eröffnet Möglichkeiten, Reaktivitäten tertiärer O-Radikale genauer zu unter-
suchen. Die ersten zur Verfügung stehenden Daten zeigen unerwarteterweise, dass tertiäre 
O-Radikale noch reaktiver sind als primäre und sekundäre Analoga. 
 Überraschend sind insbesondere die Reaktivität und 2,5-cis-Selektivität des 2-Phenyl-
5-hexen-2-oxyl-Radikals If, das in dieser Arbeit als Modell-Radikal für 5-exo-Cyclisierungen 
fungiert. In weiterführenden Arbeiten ist demnach die Ursache der Reaktivitätssteigerung im 
Vergleich zu primären und sekundären Derivaten von Bedeutung, aber auch die 
Allgemeingültigkeit der cis-Selektivität für Substituenten in Position 1. Beide Effekte lassen 
sich durch eine Substituentenvariation (z. B. CF3, CCl3, 4-Cl-C6H4, OMe, CO2Me, 4-MeO-C6H4) 
in direkter Nachbarschaft zum O-Radikal überprüfen.  
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5. Heterocyclische O-(tert-Butyl)thiohydroxamate 
5.1 Zusammenfassung  
 3-(tert-Butoxy)-4-methylthiazol-2(3H)-thione aus O-(tert-Butyl)isoharnstoff und 3-
Hydroxy-4-methylthiazol-2(3H)-thionen sind stabile, kristalline Sauerstoff-Radikalvorläufer. 
Im Vergleich dazu, lagert das in Analogie hergestellte, 1-(tert-Butoxy)pyridin-2(1H)-thion 
spontan zum O-(tert-Butyl)pyridin-2-sulfenat um. Stabilitätsunterschiede beider Thio-
hydroxamat-Klassen lassen sich auf unterschiedlich starke N,O-Bindungen zurückführen, was 
N,O-Bindungsordungen zwischen 1.31.4 in diesem Zusammenhang verdeutlichen. Drei 
überlagernde, partielle -Bindungsanteile verschiedener Stärke, sind der MO-Theorie 
(Molekülorbital-Theorie) zufolge, dafür verantwortlich, dass die N,O-Bindungsordnung 
steigt. In 3-(tert-Butoxy)thiazol-2(3H)-thionen führt die Summe der -Wechselwirkungen zu 
einer stärkeren Stabilisierung der N,O-Bindung und damit zu einer höheren Bindungs-
ordnung als für das 1-(tert-Butoxy)pyridin-2(1H)-thion. Die photochemische Aktivierung der 
3-(tert-Butoxy)-4-methylthiazol-2(3H)-thione liefert tert-Butoxyl-Radikale, die mit Hilfe der 
Elektronen-Spin-Resonanz-Spektroskopie und der intermolekularen Addition an Styrol, in 
Gegenwart von Bromtrichlormethan, nachgewiesen wurden. 
 
5.2 Wissenschaftlicher Hintergrund, Zielsetzung und Strategie 
 Tertiäre Sauerstoff-Radikalvorläufer können aus 3-Hydroxy-5-(4-methoxyphenyl)-4-
methylthiazol-2(3H)-thion und einem tertiären O-Alkylisoharnstoff (Isoharnstoff-Methode) in 
bis zu 64 % Ausbeute hergestellt werden. In typischen Elementarreaktionen, wie inter- und 
intramolekularen Additionen oder Substitutionen, zeigen die aus den Thiohydroxamaten 
erzeugten tertiären O-Radikale, trotz größerer sterischer Belastung, eine vergleichbare oder 
sogar höhere Reaktivität als primäre und sekundäre Analoga (Kapitel 4).[1] Warum tertiäre 3-
Alkoxythiazol-2(3H)-thione bis dato die einzige stabile Thiohydroxamat-Klasse zur Erzeugung 
tertiärer Sauerstoff-Radikale in der organischen Synthesechemie darstellen, soll in dieser 
Studie durch eine Kombination aus Theorie und Experiment untersucht werden. 
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 Konkrete Ziele dieses Projektes lagen daher darin, 
 O-(tert-Butyl)thiohydroxamate aus O-(tert-Butyl)-N,N-diisopropylisoharnstoff und 
weiteren cyclischen Thiohydroxamsäuren, wie 3-Hydroxy-4-methylthiazol-2(3H)-
thion, 3-Hydroxy-4-methyl-5-(4-nitrophenyl)thiazol-2(3H)-thion und 1-Hydroxy-
pyridin-2(1H)-thion herzustellen, 
 anhand theoretischer Berechnungen (Dichtefunktional-Theorie und Møller-Plesset-
Störungsrechnung 2. Ordnung) Aussagen zur Stabilität der tertiären Thiohydroxamate 
zu treffen und 
 nachzuweisen, dass 3-(tert-Butoxy)thiazolthione durch photochemische Anregung 
tert-Butoxyl-Radikale erzeugen. 
 
5.3 Ergebnisse und Diskussion 
5.3.1 Erzeugung und Eigenschaften von (O-tert-Butyl)thiohydroxamaten 
Thiohydroxamsäuren: Die für diese Studie ausgewählten 3-Hydroxy-4-methylthiazol-
2(3H)-thione 1a[2] und 2a[3] wurden nach literaturbekannten Verfahren hergestellt und re-
präsentieren die cyclischen Thiohydroxamsäuren mit der derzeit vielfältigsten Anwendungs-
breite.[1,4,5] 3-Hydroxy-4-methyl-5-(4-nitrophenyl)thiazol-2(3H)-thion (3a) ist neu und aus 4-
Nitrophenylaceton[6] in Anlehnung zur Synthese von MAnTTOH (1a)[2] darstellbar. Das 1-
Hydroxypyridin-2(1H)-thion (4a) wurde von Mitarbeitern der Arbeitsgruppe für frühere 
Studien synthetisiert und der Allgemeinheit zur Verfügung gestellt (Abb. 5.1). 
 
Abbildung 5.1. Thiohydroxamsäuren für die Herstellung der O-tert-Butylthiohydroxamate. 
MAnTTOH = 3-Hydroxy-5-(4-methoxyphenyl)-4-methylthiazol-2(3H)-thion, An = Anisyl = 4-
CH3OC6H4, MTTOH = 3-Hydroxy-4-methylthiazol-2(3H)-thion, MNPTTOH = 3-Hydroxy-4-
methyl-5-(4-nitrophenyl)thiazol-2(3H)-thion, PTOH = 1-Hydroxypyridin-2(1H)-thion. 
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 3-(tert-Butoxy)-4-methylthiazol-2(3H)-thione: In Analogie zur vorherigen Studie 
(Kapitel 4)[1], in der die Thiohydroxamsäure 1a über die Isoharnstoff-Methode zu den O-
alkylierten- 1b und S-alkylierten Produkten 6b führte (Tabelle 5.1, Eintrag 1), reagieren die 3-
Hydroxy-4-methylthiazol-2(3H)-thione 2a3a in Gegenwart von O-(tert-Butyl)-N,N-diiso-
propylisoharnstoff[7,8] zu den Thiohydroxamsäure-O-estern 2b3b. Die N-Oxide 7b8b 
entstehen als Nebenprodukte der Alkylierung (Tabelle 5.1). 
Tabelle 5.1 Alkylierung der 3-Hydroxy-4-methylthiazol-2(3H)-thione 1a−3a über die Isoharn-
stoff-Methode und physikalische Parameter der O-Alkylierungsprodukte 1b−3b 
 
Eintrag R 1b3b / % max 1b3b / nm Schmp. 1b3b / °C 6b8b / %e 
1 4-CH3O-C6H4
b 1b: ϱϴ−ϲϰ % c 1b: 337 1b: 114115 6b: 25 % 
2 H 2b: 42−55 % c 2b: 319 2b: 5657 7b: 24 % 
3 4-NO2-C6H4 3b: 39−43 % d 3b: 324, 377 3b: 153 8b: 17 % 
a 
in situ aus 5.5 Äquivalente an tBuOH und Diisopropylcarbodiimid (DIC), b Ergebnis der vor-
herigen Studie (Kapitel 4), c aus 3 Experimenten, d aus 2 Experimenten, e repräsentativ aus 
einem Experiment iosliert.  
Als farblose (2b) oder gelbe Feststoffe (1b, 3b) zeigen die tertiären Ester die in der 
Tabelle 5.1 aufgeführten Schmelzpunkte. 3-(tert-Butoxy)-4-methyl-5-(4-nitrophenyl)thiazol-
2(3H)-thion (MNPTTOtBu, 3b) kristallisiert aus einer Diethylether/n-Pentan-Mischung (v:v = 
1:1) in der monoklinen Raumgruppe P21/n (Abbildung 5.2). Jede Elementarzelle verfügt 
dabei über vier Moleküle MNPTTOtBu (3b) entlang der zwei stereogenen Achsen [N3O8] 
und [C5para-Nitrophenyl-Gruppe]. Der tert-Butyl-Rest ist um 94°, die 4-Nitrophenyl-
Gruppe um 26° aus der nahezu planaren Ebene des Heterocyclus herausgedreht. Der große 
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N3,O8,C9-Bindungswinkel von116.8(1)° in 3b zeigt, dass tertiäre 3-Alkoxythiazolthione 
sterischer Belastung bei O-Alkylierung entgegenwirken können. Für primäre und sekundäre 
O-Alkylthiohydroxamate ist der gleiche Winkel [N3, O8, C9] 45° kleiner.[9]  Bindungslängen 




Abbildung 5.2 Ellipsoidgrafik der Kristallstruktur von 3-(tert-Butoxy)-4-methyl-5-(4-nitro-
phenyl)thiazol-2(3H)-thion (3b) bei 150 K (50 % Wahrscheinlichkeit). Wasserstoffatome: 
willkürlicher Radius, Sauerstoff: rot, Stickstoff: blau, Schwefel: orange.  
 
Die Kristallstruktur von 3-(tert-Butoxy)-4-methyl-5-(4-nitrophenyl)thiazol-2(3H)-thion 
(3b) zeigt unterschiedlich große tert-Butoxyl-Bindungswinkel zwischen den Atomen O8, C9 
und den Kohlenstoff-Atomen C10C12 [O8, C9, C10 = 111.6° / O8, C9, C11 = 103.1° / O8, C9, 
C12 = 105.8°]. Studien strukturell verwandter Peroxide folgend, sind Winkel kleiner 109° das 
Resultat -symmetrischer Wechselwirkungen zwischen dem (O,O)-Orbital und dem (C,C)-
Orbital antiperiplanar oder antiklinal angeordneter C-C-Bindungen, die den O,C,C-Bindungs-
winkel reduzieren (Abbildung 5.3).[10,11] 
 
Abbildung 5.3 Molekülorbital-Modell zur Veranschaulichung der unterschiedlich großen tert-
Butoxyl-Bindungswinkel O8, C9, C10C12 in 3b durch -symmetrische Wechselwirkungen. 
NP = 4-Nitrophenyl. 
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Die tert-Butoxyl-Radikalvorläufer 1b−3b lassen sich über diagnostische kern-
magnetische Resonanzen der Thiocarbonyl-Gruppe (182 ± 2 ppm) sowie dem Singulett der 
tert-Butyl-Protonen (1.60 ± 0.04 ppm) charakterisieren. In Ethanol zeigen die Verbindungen 
1b3b maximale UV/Vis-Absorptionsbanden, die auf spektroskopischen Überlagerungen von 
* und n*-Anregungen des Alkenylsulfanylthiocarbonyl-Chromophors[12] beruhen. 
Das 4-Nitrophenyl-Derivat 3b verfügt über eine zusätzliche Absorptionsbande bei 377 nm, 
die auf die Nitrophenyl-Gruppe[13] in Nachbarschaft zum Heterocyclus zurückzuführen ist 
(Tabelle 5.1). Infrarotabsorptionsspektren der Thiohydroxamate 1b−3b in Acetonitril, die in 
Kooperation mit Manuel Zimmer aufgenommen wurden, besitzen die stärkste Bande bei 
1300 ± 50 cm1, die zweifelsfrei der C,N-Streckschwingung zugeordnet wurde. Vier bis sechs 
weitere intenssitätsschwache Banden im Fingerprintbereich (1200  850 cm1) kombinieren 
zu exo- und endo-cyclischen Gerüstschwingungen (C=S-/C,N-Streckschwingung; N,O-Biege-
schwingung, C,H-Schwingungen). Diese Zuordnung gelang J. Hartung und M. Zimmer durch 
Dichtefunktional-Rechnungen (DFT-D3 / B3LYP / TZVP), theoretische Isotopensubstitutionen 
und durch Animation der berechneten und experimentell gemessenen Schwingungsspektren 
(siehe Kapitel 5.6 sowie Anhang C). 
 
 1-(tert-Butoxy)pyridin-2(1H)-thion: Die Umsetzung des 1-Hydroxypyridin-2(1H)-thions 
4a mit O-(tert-Butyl)-N,N-diisopropylisoharnstoff[7,8] zeigt im 1H-NMR der Reaktionsmischung 
den (tert-Butyl)thiohydroxamsäure-O-ester 4b[14] sowie das 2-(tert-Butyl)sulfanylpyridin N-
Oxid (9b) (Schema 5.1).  
 
Schema 5.1. Alkylierung des 1-Hydroxypyridin-2(1H)-thions (4a) (Isoharnstoff-Methode) und 
charakteristische kernmagnetische Resonanzen (13C) der Produkte 4b, 9b und 10b. a In situ 
aus tBuOH (5.5 Äquivalente), DIC (5.5 Äquivalente), Cu(I)Cl (2 mol%).  
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Die Untersuchung (1H-, 13C-NMR-Spektroskopie) der durch Säulenchromatographie 
erhaltenen Fraktion, in der das O-(tert-Butyl)thiohydroxamat 4b erwartet wurde, zeigte 
Resonanzen, die dem Sulfenat 10b zugeordnet wurden (Schema 5.1). Weder bei der 
Synthese der 5-Ring-Heterocyclen 1b3b, noch für das 1-(tert-Butoxy)pyridinthion 4b fiel in 
früheren Arbeiten[1,ϭϰ−ϭϲ] eine derartige Umlagerung auf. Eine schnelle Zersetzung von 10b 
verhindert bis dato die Isolierung und zweifelsfreie Charakterisierung der Verbindung. J. 
Hartung beobachtete in einem anderen Zusammenhang eine ähnliche Umlagerung des 1-
Pentoxypyridin-2(1H)-thions (4c)[17] 10c (Schema 5.2). Ein präparativer Ansatz liefert das 
Sufenat 10c in analysenreiner Form und stützt durch Vergleich der 13C-NMR-Daten von 4b, 
9b, 10b mit 4c, 9c, 10c die Umlagerung von 4b  10b. 
 
Schema 5.2. Photoreaktion des 1-Pentoxypyridin-2(1H)thions (4c) zum O-Pentyl-2-pyridyl-
sulfenat (10c) sowie N-Oxid 9c, das bei der Herstellung von 4c[17] entsteht mit signifikanten 
kernmagnetischen Resonanzen (13C). 
 
5.3.2 Theoretische Berechnungen 
 Hintergrund und Substrate: Um Aussagen darüber treffen zu können, ob Regio-
selektivitäten bei der Veresterung der Thiohydroxamsäuren 1a−4a mit Produktstabilitäten 
korrelieren und ob elektronische Wechselwirkungen zwischen dem Heterocyclus und dem O-
Alkylrest auf konstitutionellen Unterschieden der O-Alkylpyridinthione und O-Alkylthiazol-
thione beruhen, wurden strukturelle Parameter und Bildungswärmen der O-(tert-Butyl)-
Derivate 2b/4b, der S-(tert-Butyl)-Verbindungen 7b/9b sowie der O-(tert-Butyl)sulfenate 
10b/11b in Kooperation mit Jens Hartung berechnet. Zur Berücksichtigung sterischer 
Aspekte wurden die Rechnungen um die Methyl-Analoga der Thiazolthione 2d/7d/11d sowie 
der Pyridinthione 4d/9d/10d ergänzt.  
 Methoden: Die Berechnungen[18] erfolgten auf Grundlage der Dichtefunktional-
Theorie (DFT: B3LYP[19,20] und BHandHLYP[21]) und Møller-Plesset-Störungsrechnung 2. Ord-
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nung (MP2)[2224] mit 6-31+G**[2527] als Basissatz.[2831] Zur Methodenevaluierung wurden die 
Bindungslängen und –winkel der O-(tert-Butyl)thiohydroxamate 2b/2d, 3b und 4b/4d mit 
den drei Methoden berechnet und mit den Kristallstrukturdaten von 3b, dem 3-Cumyloxyl-4-
methylthiazol-2(3H)-thion[32] und dem trans-(1-tert-Butyl)-cyclohex-4-yl-pyridin-2(1H)-
thion[33] verglichen (siehe Seite 107). Der Vergleich zeigt, dass die B3LYP-Methode experi-
mentelle N,O- und C,S-Bindungslängen am genausten reproduziert, weshalb sie für alle 
folgenden Rechnungen verwendet wurde. 
 Minimunstrukturen und Rotationsbarrieren der N,O-Bindung: Zur Abwägung 
thermochemischer Trends wurden die energieärmsten Konformere der O-alkylierten- 2b/d, 
4b/d und S-alkylierten-Verbindungen 7b/d, 9b/d sowie der Sulfenate 10b/d, 11b/d 
identifiziert. Dazu wurden die relativen Energien der genannten Verbindungen bei ver-
schiedenen Torsionswinkeln  (in 15° Schritten) berechnet und korreliert (siehe Seite 110).  
 In globalen Minimumstrukturen (G(298)
min = 0 kJ/mol) 2b/d und 4b/d ist der O-(tert-
Butyl)-Rest annähernd orthogonal (C2,N,O,C9 = 90°  9°, Tabelle 5.3) zum Heterocyclus ange-
ordnet. Davon abweichende Diederwinkel C2,N,O,C9 führen zu energiereichen Konformeren, 
mit synperiplanarer (syn, C2,N,O,C9 = 0°) oder antiperiplanarer (anit, C2,N,O,C9 = 180°) Konfor-
mation in lokalen Maxima. Die Differenz der freien Gibbs-Energien zwischen energetischem 
Minimum und Maximum beschreibt die Rotationsbarriere[34] des tert-Butyl-Rests um die 
rotationsgehinderte N,O-Bindung (Tabelle 5.3). 
 
Tabelle 5.3. Berechnete (B3LYP/6-31+G**// B3LYP/6-31+G**) Torsionswinkel und Rotations-
barrieren der Thiazolthione 2b/d und Pyridinthione 4b/d. R = CH3, C(CH3)3. 
 
Eintrag Verbindung C2,N,O,C9min / Grad a G(298)syn/ kJ mol–1 b G(298)anti/ kJ mol–1 c 
1 MTTOtBu (2b) 91.3 49.7  89.7  
2 MTTOCH3 (2d) 83.4 38.5  65.3  
3 PTOtBu (4b) 99.9 63.5  44.4  
4 PTOCH3 (4d) 83.9 44.4  35.1  
a G(298)
min = 0 kJ mol–1, bG(298)syn = G(298)syn – G(298)min; c G(298)anti = G(298)anti – G(298)min  
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Minimumstrukturen der S-alkylierten Verbindungen 7d/b und 9b zeigen nahezu 
gauche Konformationen (N,C2,S7,C9 = 63  5°). Nur das S-methylierte-Pyridinthion 9d ist 
antiperiplanar (N,C2,S7,C9 = 180°) angeordnet.[35,36] Gleichgewichtsstrukturen der Sulfenate 
besitzen Dach-Konformationen mit größeren Winkeln für die sterisch anspruchsvolleren tert-
Butyl-Derivate 10b, 11b (C2,S7,O8,C9 = 108°) im Vergleich zu den Methyl-Analoga 10d und 11d 
(C2,S7,O8;C9 = 89°  2°). 
 
 Relative Stabilitäten der Minimumstrukturen: Für beide Thiohydroxamat-Klassen stel-
len die Sulfenate 10b/d und 11b/d die thermodynamisch stabilsten Produkte dar, gefolgt 
von den S-alkylierten Verbindungen 7b/d, 9b/d und den O-Alkyl-Derivaten 2b/d, 4b/d. Mit 
Ausnahme von 7b sind dabei tertiäre Thiohydroxamate stabiler als primären O-Methylthio-
hydroxamate (Abbildung 5.4). 
 
Abbildung 5.4. Berechnete (B3LYP/6-31+G**//B3LYP/6-31+G**) relative Energien der O-
Alkylthiohydroxamate 2b/d, 4b/d, der S-Alkyl-Derivate 7b/d, 9b/d sowie der O-Alkyl-
Sulfenate 10b/d, 11b/d. CR3 = CH3 oder C(CH3)3. Relative Energien (Erel) der Thiazolthione 
(oben) beziehen sich auf andere Hyperflächen als die relative Energien (Erel) der Pyridin-
thione (unten). 
 
 Für das Pyridinthion stimmt die berechnete Stabilitätsreihe mit den experimentellen 
Beobachtungen überein. Thiazolthione liefern bei der Bildung primärer und sekundärer 
Radikalvorläufer nur selten S-alkylierte Produkte[37], tertiäre Substrate stellen dabei eine 
Ausnahme dar und noch nie wurde die Bildung von Sulfenaten beobachtet. Demnach 
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beruhen Regioselektivitäten bei der Alkylierung von 3-Hydroxy-4-methylthiazol-2(3H)-
thionen nicht auf thermodynamischen Effekten, sondern folgen kinetischen Faktoren. Die 
selektive O-Alkylierung des 3-Hydroxy-4-methyl-5-anisylthiazol-2(3H)-thions mit Methyl-
tosylat sowie die selektive S-Alkylierung der gleichen Thiohydroxamsäure mit Methyliodid 
stützen die Interpretation zu den berechneten relativen Stabilitäten der Thiazolthion-ab-
geleiteten-Derivate 2, 7 und 11.[37] 
 
 N,O-Bindungsordnung: Die Bindungsstärke zwischen zwei Atomen lässt sich der 
Molekülorbital-Theorie folgend über Bindungsordnungen (BO)[3839] beschreiben. Dazu 
werden experimentelle und theoretische N,O-Bindungslängen[4042] gegen bekannte N,O-
Bindungsordnungen aufgetragen und aus der resultierenden Geradensteigung die gesuchte 
Bindungsordnung bestimmt (siehe Anhang C, Seite 420). Für die O-(tert-Butyl)- und O-
Methylthiohydroxamate 2b/d, 3b, 4b/d ergeben sich daraus N,O-Bindungsordnungen von 
ϭ.ϯ−ϭ.ϰ und zeigen damit partielle Anteile der N,O-Bindung. Im direkten Vergleich haben 
tert-Butoxy-Derivate (z. B. 2b: BO = 1.35) eine höhere Bindungsordnung als Methoxy-
Derivate (z.B. 2d: BO = 1.33) und Thiazolthione eine höhere Bindungsordung als 
Pyridinthione (4b: BO = 1.33, 4d: BO = 1.29). 
 Ursache der partiellen (N,O)-Bindung: Gemäß der Natural Orbital Bond-Theorie 
(NOB-Theorie)[4346] beruht die partielle (N,O)-Bindung in den Thiohydroxamaten 2, 3 und 4 
auf unterschiedlich starken und überlagernden Wechselwirkungen mit -Symmetrie, die die 
Bindungsordnung erhöhen (1N,O und 2N,O) oder senken (3N,O) (Abbildung 5.5). 
 
Abbildung 5.5. Beschreibung der (N,O)-Bindung in O-Alkylthiazolthionen basierend auf der 
NOB-Theorie[4346]  (X = C ,H). (N,O)-Bindung = 13N,O. 
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 Bindungsordnung erhöhend ist die Überlappung des nicht-bindenden p-Orbitals am 
Sauerstoff mit den *N,C-Orbitalen des Heterocycluses (1N,O) sowie die Überlappung des 
nicht-bindenden p-Orbitals am Stickstoff mit dem *C,O-Orbital (2N,O). Destabilisierend für 
die (N,O)-Bindung und damit Bindungsordnung senkend sind Elektronen im *N,O-Orbital, 
die aus Überlappungen von -Elektronen des Heterocyclus und der Alkylgruppe (3N,O) 
stammen (Abbildung 5.5). In Summa überwiegen stabilisierende Effekte, wodurch die Bin-
dungsordnung steigt. Für tertiäre Thiazolthione ist die partielle (N,O)-Bindung stärker als 
für Methyl-Analoga oder für Pyridinthion-Derivate. 
Überlappungen der 1N,O- und 2N,O-Wechselwirkungen sind für einen Diederwinkel 
C2,N,O,C9 = 90° maximal. Signifikante Abweichungen davon führen zur Schwächung der 
(N,O)-Bindung und erhöhen die Rotationsbarriere. Demnach beeinflussen sterische (Thio-
carbonyl-Gruppe, 4-CH3-Gruppe) und stereoelektronische Faktoren die Höhe der Rotations-
barriere in cyclischen Thiohydroxamaten. Da sich die Diederwinkeländerungen kaum auf die 
Energie der nicht-bindenden Orbitale am Stickstoff und Sauerstoff auswirken (NBO-Theorie),  
haben Coulomb-Abstoßungen zwischen den genannten Atomen keinen bedeutenden Beitrag 
zur Rotationsbarriere.[34] Strukturell äußern sich ungünstige Diederwinkel ( > 90°< ) in 
langen N,O-Abständen. Die Thiocarbonyl-Bindung reagiert darauf mit Verlängerung ( < 90°) 









Abbildung 5.6. Diederwinkelabhängigkeit C2,N,O,C9 von den N,O- und C2,N-Bindungslängen 
am Beispiel von 3-(tert-Butoxy)thiazolthion 2b. (Atom-Nummerierung gemäß Abbildung 5.2). 
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Einfluss des Bindungswinkels N,O,C9 auf die (N,O)-Bindung: Durch Zunahme des 
Thiohydroxamat-Bindungswinkels N,O,C9 (90°130°, Abbildung 5.7) steigt der p-Anteil des 
nicht-bindenden Sauerstoff-Hybridorbitals (z.B. 2b, 32 %  55 %) und dessen Energie sowie 
die Fähigkeit Elektronen an die *-Orbitale der Thiohydroxamat-Kerne abzugeben. Dadurch 
werden die beschriebenen symmetrischen-Wechselwirkungen der N,O-Bindung 
begünstigt. O-(tert-Butyl)thiohydroxamate besitzen aufgrund eines größeren sterischen 
Ausmaßes einen größeren Bindungswinkel N,O,C9 und damit einen stärkeren -Bindungs-
anteil sowie eine kürzere N,O-Bindung als O-Methylthiohydroxamate (Abbildung 5.8). Da 
sich die -Wechselwirkungen 1N,O und 2N,O stabilisierend auf das *-Orbital der Thio-
carbonyl-Gruppe auswirken, reagiert sie auf große Bindungswinkel N,O,C9 und kurze N,O-
Bindungen durch Verlängerung des C,S-Abstandes. Die Thiocarbonyl-Gruppe verhält sich 







Abbildung 5.7. Bindungswinkelabhängigkeit von der Energie der (N,O)-Bindung in hetero-









Abbildung 5.8. Korrelation zwischen Thiohydroxamat-Bindungswinkel N, O, C9 und der N,O-
Bindungslänge in heterocyclischen O-Alkylthiohydroxamaten. 
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Der beschriebene Stabilisierungsmechanismus ist für 3-Alkoxythiazol-2(3H)-thione 
effektiver als für 3-Alkoxypyridin-2(1H)-thione und verdeutlicht damit die höhere Stabilität 
der 5-Ring-Heterocyclen im Allgemeinen und bei der Herstellung tertiärer Derivate im 
Besonderen. 
 
5.3.3 tert-Butoxyl-Radikaleinfang mit 5,5-Dimethylpyrrolidin-1-oxid und Styrol 
5,5-Dimethylpyrrolidin-1-oxid (DMPO):
 Kurzlebige Alkoxyl-Radikale lassen sich mit 
DMPO[47] in persistente Radikale überführen und nachweisen (Elektronen-Spin-Resonanz-
Spektroskopie).[48,49] Das Nitroxid-Radikal 12[2,50−52] entsteht nach kurzer Bestrahlung (350 
nm, 2 min) einer anaeroben, benzolischen Lösung der O-(tert-Butyl)thiohydroxamate 1b−3b 
in Gegenwart von DMPO. Das Spektrum der gut untersuchten Verbindung 12 zeigt die 
bekannte Hyperfeinaufspaltung zum Stickstoffatom (aN), den Wasserstoffatomen in - und 
-Position (aH & aH sowie die chemische Verschiebung g (Tabelle 5.5). 
 
Tabelle 5.5 tert-Butoxyl-Radikaleinfang mit 5,5-Dimethyl-1-pyrrolidin N-oxid zum Nitroxid-
Radikal 12 und dessen chemische Verschiebung (g) sowie die Kopplungskonstanten (a). 
 
Eintrag 1b−3b R g a aN/G a aH/G a aH/G a 
1 1b 4-CH3O-C6H4 2.009 13.17 7.96 1.93 
2 2b H 2.009 13.15 7.94 −b  
3 3b 4-NO2-C6H4 2.009 13.17 7.94 1.90 
a H  = 3478 G,  = 9.779 × 109 Hz, Modulation Amplitude = 0.0001 T, b nicht beobachtet. 
 
 Styrol: Die photochemische Umsetzung von 3-(tert-Butoxy)-4-methylthiazol-2(3H)-
thion 2b mit Styrol liefert in Gegenwart von Bromtrichlormethan regioselektiv 2-Brom-2-
phenyl-1-(tert-butoxy)ethan (Schema 5.3). 
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Schema 5.3. Photochemische Umsetzung des O-(tert-Butyl)thiohydroxamats 2b mit Styrol 
und Bromtrichlormethan. 
 
5.4 Fazit & Ausblick  
 Die Existenz von O-(tert-Butyl)thiazol-2(3H)-thionen basiert auf Stabilitäten im Grund-
zustand. Günstige -symmetrische Wechselwirkungen des Stickstoff- und Sauerstoffatoms 
mit dem Heterocyclus oder dem Alkyl-Rest führen, insbesondere für sterisch anspruchsvolle 
Reste, zu einer Erhöhung der N,O-Bindungsordnung auf 1.4 und damit zu einer sterischen 
Stabilisierung der tertiären Thiazolthione (MO- und NBO-Theorie). Für Pyridinthion-Derivate 
sind die stabilisierenden Effekte weniger effektiv und verdeutlichen damit die Schwierig-
keiten, die mit der Synthese entsprechender Radikalvorläufer verbunden sind. Die 
beschriebene Stabilisierung von -Heteroatom-Heteroatom-Bindungen durch zusätzliche -
Wechselwirkungen benachbarter nicht-bindernder p- oder sp-Hybridorbitale mit Orbitalen 
angrenzender Atome kann in zukünftigen Studien Stabilitätsunterschiede zwischen beliebig 
kombinierten Heteroatomen, wie zum Beispiel Sauerstoff, Stickstoff, Chlor, Brom, Iod, Fluor, 
erklären. Für tertiäre 3-Alkoxythiazol-2(3H)-thione können die Grundzustandsstabilitäten 
dazu genutzt werden die Vielfalt tertiärer O-Alkylthiohydroxamate weiterzuentwickeln und 
nach Verlassen des Grundzustandes, durch photochemische oder thermische Aktivierung, 
den Einfluss polarer Effekte auf Stereoselektivitäten in Additionsreaktionen tertiärer O-
Radikale zu untersuchen. 
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Summary: 3-Hydroxy-1,3-thiazole-2(3H)thiones react with O-(tert-butyl)-N,N-diisopropyl 
isourea to furnish heterocyclic O-(tert-butyl) thiohydroxamates in up to 64% yield. The 
compounds are stable crystalline solids, showing carbon-13 resonances for the thiocarbonyl 
group at 183±1 ppm, and vibrational combinations from the O-alkyl thiohydroxamate 
functional group, situated in the range between 950 and 1300 cm–1. 1-(tert-Butoxy)pyridine-
2(1H)thione, prepared similarly, is a labile compound, quantitatively rearranging into O-(tert-
butyl) pyridine-2-sulfenate. Differences in chemical behavior relate to N,O-bond strengths, 
as expressed for 3-(tert-butoxy)-1,3-thiazole-2(3H)thiones by a N,O-bond order of 1.4. 
Molecular orbital theory describes partial multiple bonding between nitrogen and oxygen as 
(N,O)-bond in combination with three superimposed (N,O)-bonds of different strengths. 
Photoexciting 3-(tert-butoxy)thiazole-2(3H)thiones or adding an initiator radical to 
thiocarbonyl sulfur disconnects ground state stabilizing mechanisms, inducing homolytic 
breaking of N,O-bond. tert-Butoxyl radicals liberated from heterocyclic O-(tert-butyl) 
thiohydroxamates in photochemical experiments furnish spin-adducts, which were detected 
by electron spin resonance spectroscopy, or a 1-(tert-butoxy)-2-bromoalkane formed by 
intermolecularly adding to an alkene in the presence of bromotrichloromethane. 
 
Introduction 
Oxygen radicals are reactive intermediates, transforming hydrocarbons with unique 
chemical reactivity and selectivity.[13] Hydrocarbon pollutants are broken down by oxygen 
radicals into lower alcohols and aldehydes, for being washed out from the atmosphere by 
rainfall.[4] Burning fossil fuels with dioxygen in combustion chambers oxidizes hydrocarbons 
via alkoxyl radical mechanisms, liberating chemical energy for propelling vehicles.[5]  In 
biochemistry, immune systems of mammals rely on hydroxyl radicals for destroying 
pathogenic germs.[6] Other oxygen radicals in combination with singlet dioxygen and oxygen 
radical anions transform nucleic acids, proteins, and secondary metabolites into xenobiotics, 
which contribute to develop symptoms of oxidative stress.[7]  In biosynthesis, enzymes 
generate alkoxyl radicals for constructing carbon-oxygen bonds in intramolecular additions 
with otherwise unattainable rate and selectivity.[3,8] 
Mechanistically, most alkoxyl radical reactions are additions, substitutions, and 
fragmentations.[3] Fragmentations are unimolecular processes, with rate constants 
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depending on solvent polarity, neighboring groups at reaction centers, and temperature. In a 
competition system, fragmentation serves as internal clock, for comparing rates of an 
unimolecular to a bimolecular process. In molar solutions of alkenes, rates of alkoxyl radical 
fragmentation, addition, and substitution converge, yielding fingerprint mixtures of oxy-
functionalized products.[910] Analyzing such mixtures allows to trace rates and concentration 
of involved reactants (Scheme 1).[1113] 
 
Scheme 1 Products formed from alkoxyl radical/alkene compositions (colorless circles 
denote carbon substituents, black circles a hydrogen, heteroatom group, or a carbon 
substituent).[11]  
Synthesis with alkoxyl radicals takes profit from complementary selectivity in 
additions to non-activated alkenes, when compared, for example, to ionic alkenol bromo-
cyclization.[11,14,15] Trapping alkoxyl radical addition products with a bromine atom donor 
affords -bromohydrin ethers with unique radical selectivity, which is of interest for 
preparing bioactive compounds from the marine environment or for technical and synthetic 
use (Figure 1).[11, 1618] 
 
Figure 1 Structure formulas of a naturally occurring tertiary -bromohydrin ether (left: 
pantofuranoid E), and two bromohydrin ethers prepared from tertiary alkoxyl radical 
reactions (center and right). [11,16,17] 
Standard reagents for generating tertiary alkoxyl radicals are alkanols,[19,20] O-alkyl 
nitrites,[21] alkyl hypohalites,[22] alkyl hydroperoxides,[23,24]  dialkyl peroxides,[2528] O-alkyl 
peresters,[29] O-alkyl benzene sulfenates,[30] N-alkoxyphthalimides,[31] and O-alkyl 
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thiohydroxamates (Scheme 2).[23,32] State-of-the-art synthesis with radicals occurs in pH-
neutral non-oxidative environment and proceeds via linear chain reactions in the absence of 
tin hydride mediators.[33,34] Meeting these demands restricts the type of available precursors 
to the O-alkyl thiohydroxamates, which however are difficult to prepare from tertiary 
alcohols.[23] Synthesis of tertiary O-alkyl thiohydroxamates in attractive yields, at the 
moment, is developed only for a single thiohydroxamic acid (i.e. 1a), using O-(tert-alkyl) 
isoureas as carbon electrophiles.[11,3537] To broaden the scope for preparing O-(tert-butyl) 
esters, starting from heterocyclic thiohydroxamic acids having quite different chemical 
properties, we conducted the present experimental and theoretical investigation. 
 
Scheme 2 Approaches to synthesis of alkoxyl radical progenitors II starting from a 
hydrocarbon (top left, X = OH), a carbon electrophile (center left; Z = e.g. halogen, 
arylsulfonyloxy or N,N-dialkyl-O-isoureyl; –OX = e.g. thiohydroxamate), or an alcohol [bottom 
left; XZ = e.g. NOCl, tBuOCl, PhI(OAc)2/I2/HgO], and conditions for liberating oxygen radical I 
(right).[23].  
The major results from the study show that 3-(tert-butoxy)thiazole-2(3H)thiones 
prepared from underlying 3-hydroxythiazole-2(3H)thiones are stable compounds, while a 
derived pyridine-2(1H)thione quantitatively rearranges into a O-(tert-butyl) pyridine-
sulfenate. Differences in chemical properties relate to N,O-bond strengths, as expressed for 
3-(tert-butoxy)-1,3-thiazole-2(3H)thiones by a bond order of 1.4. Molecular orbital theory 
describes partial multiple bonding between nitrogen and oxygen as (N,O)-bond in 
combination with three superimposed (N,O)-bonds of different strengths. Photoexciting a 
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3-(tert-butoxy)-1,3-thiazole-2(3H)thione, or adding an initiator radical to thiocarbonyl sulfur, 
disconnects ground state stabilizing effects and releases tert-butoxyl radicals, as exemplified 
by spin trapping experiments and intermolecular addition. 
 
Results and Interpretation 
1 Thiohydroxamic acids 
(i) Significance of selected thiohydroxamic acids. O-Alkyl derivatives of 3-hydroxy-5-
(4-methoxyphenyl)-4-methylthiazole-2(3H)thione (MAnTTOH) (1a), 3-hydroxy-4-methyl-
thiazole-2(3H)thione (MTTOH) (2a), and 1-hydroxypyridine-2(1H)thione (PTOH) (4a) cover a 
spectrum of chemical properties, meeting most of the demands in synthetic and mechanistic 
alkoxyl radical chemistry.[23,38,39] Colorless O-esters of 3-hydroxythiazolethione 2a and pale-
yellow O-alkyl derivatives of p-methoxyphenyl-substituted acid 1a withstand acidic and basic 
conditions, allowing final chemical modifications of the ester side chain, for finalizing 
syntheses of more complex alkoxyl radical progenitors. Compounds of this kind are stable 
when stored, and quantitatively liberate alkoxyl radicals within thirty minutes when heated 
or being photolyzed. Alkoxyl radical reactions involving 1-(alkoxy)pyridine-2(1H)thiones (i.e. 
esters of 1a) are complete with a minute or less. Depending on the chemical nature of the O-
alkyl group, the compounds may be stored or decompose with hour.[38,40] For generating 
alkoxyl radicals from a compound with storage stability, by illuminating with blue light 
emitting diode,[41] we developed 3-hydroxy-4-methyl-5-(4-nitrophenyl)thiazole-2(3H)thione 
(MNPTTOH) (3a), and introduce this compound here for the first time (Figure 2). 
 
Figure 2 Structure formulas of cyclic thiohydroxamic acids 1a–4a used for preparing O-(tert-
butyl) esters {An = para-anisyl [p-C6H4(OCH3)]; NP = para-nitrophenyl [p-C6H4(NO2)]}. 
(ii) Synthesis of heterocyclic thiohydroxamic acids. Synthesis 3-hydroxy-5-(4-
methoxyphenyl)-4-methylthiazole-2(3H)thione (MAnTTOH) (1a) and p-nitrophenyl-derivative 
MNPTTOH (3a) (Scheme 3) followed an adapted procedure, developed for preparing 3-
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hydroxy-4-methylthiazolethione 2a (MTTOH) by Kretzschmar and Barton.[4244] 1-Hydroxy-
pyridinethione 4a (PTOH) precipitates by adding one equivalent of hydrochloric acid to an 
aqueous solution sodium omadineTM.[45] 
 
Scheme 3 Synthesis of 3-hydroxy-4-methyl-5-(4-nitrophenyl)thiazole-2(3H)thione (3a). 
 
Thiohydroxamic acids are colorless (2a, 4a) to yellow (1a, 3a) solids, dissolving in 
lower alkanols, dimethyl sulfoxide, or aqueous alkali hydroxide. Hydroxyl groups give rise to 
broad proton-NMR resonances between 9.0 and 12.5 ppm in solutions of deuterochloroform 
or dimethyl sulfoxide. Thiocarbonyl carbons show characteristic resonances at 173±4 ppm. 
 
2. Preparation, spectroscopic properties, and structural aspects of 3-alkoxy-4-
methylthiazole-2(3H)thiones 
(i) General remarks on atom numbering for structural discussions. Numbering of 
atoms within heterocycles follows the Hantzsch-Widman notation (for examples, see Figures 
4 and 6).[46,47] Atoms relevant for structural and spectroscopic discussions, attached to 
heterocycles, such as the thione sulfur (S7), thiohydroxamate oxygen (O8), ester carbon (C9), 
and carbons bound to C9 (C10–12), are for tutorial reasons numbered chronologically. 
(ii) The alkylation reagent. O-(tert-Butyl)-N,N-diisopropyl isourea (5) is an unstable 
liquid prepared from tert-butanol and N,N-diisopropylcarbodiimide (DIC) in a copper (I)-
chloride-catalyzed reaction at room temperature (20±2 °C) (Scheme 4).[48] The yield of 
isourea 5 under such conditions goes through a maximum of 61 % after ~ 24 hours. Beyond 
this point of time, the fraction of decomposition product diisopropyl urea (DIU) increases. 
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Scheme 4. Synthesis of O-(tert-butyl)-N,N-diisopropyl isourea.[48]  
 
The proton-NMR spectrum of O-(tert-butyl)-N,N-diisopropyl isourea (5) recorded in 
solution of deuterochloroform displays a singlet at 1.47 ppm for tert-butyl protons, two sets 
of septets at 3.13 ppm and 3.66 ppm, and two doublets at 1.04 and 1.08 ppm for the two 
isopropyl groups.[49] Resonances of DIU in deuterochloroform show chemical shifts of 5.49 
ppm (d) for the amine proton, and at 1.00 (d), 3.62 (sept), and 3.64 (sept) for isopropyl 
protons.  
(iii) Thiazole-derived O-(tert-butyl) thiohydroxamates. O-(tert-Butyl) thiohydroxamate 
1b forms in average yields of 61±3% (n = 3), by adding a 5.5-molar excess of O-(tert-butyl) 
isourea 5 at room temperature to a solution of MAnTTOH (1a) in dichloromethane (Table 1, 
entry 1).[11] All parameter variations we undertook for raising efficiency of the synthesis, by 
decreasing reaction temperature, changing solvent to dimethylformamide, modifying 
isourea concentration and aliquots, increased the fraction of DIU and lowed yields of ester 
1b.[50] Treating MTTOH (2a) and MNPTTOH (3a) with isourea 5, as specified for MAnTTOH 
(1a), provides tert-butyl thiohydroxamates 2b and 3b in 39–55% yields (Table 1, entries 2–3).  
Thiazole-derived tert-butyl thiohydroxamates are colorless (2b) to yellow solids (1b, 
3b), melting at 57 °C (2b), 115 °C (1b), and 153 °C (3b). The compounds are stable when 
stored at room temperature in standard glassware. When heated to 130 °C at a pressure of 8 
× 10–3 millibars, 3-(tert-butoxy)-4-methylthiazolethione (MTTOtBu) (2b), gradually darkens 
and finally turns black without showing any signs of boiling. From this information we 
concluded that distilling is no alternative to chromatography for purifying tert-butyl esters 
1b–3b. A proton NMR-spectrum recorded from the black material showed almost exclusively 
resonances of ester 2b. 
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Table 1 Products formed from 4-methylthiazole-derived thiohydroxamates 1a–3a and O-
(tert-butyl)-N,N-diisopropyl isourea (5). 
 
entry R 1b–3b / % 6b–8b / % a 
1 p-C6H4(OCH3) 1b: 58–64 b 6b: 25 
2 H 2b: 42–55 b 7b: 24 
3 p-C6H4(NO2) 3b: 39–43 c 8b: 17 
a Isolated from one representative experiment. b 3 Experiments. c 2 Experiments.  
 
(iv) S-Alkylation. S-(tert-Butyl) thiohydroximates 6b–8b form as side products in 17–
25% yields from reactions between acids 1a–3a and O-(tert-butyl) isourea 5. The products 
are colorless crystalline solids, quantitatively separating from O-esters 1b–3b during 
chromatography, given ratio-of-fronts close to zero for the combination of ether/alkane-
mixtures as eluents, and silica gel as stationary phase. 
(v) Electronic spectra of 3-(tert-butoxy)thiazolethiones. O-(tert-Butyl) esters 1b–3b 
absorb near UV/light, with maxima gradually shifting in solutions of methanol from 319 
nanometers for 2b via 337 for 1b to 377 nanometers for 3b.  
According to theory, the lowest in energy electronic absorption band of 3-
(alkoxy)thiazole-2(3H)thiones arises from → *- and n→*-transitions between orbitals 
involving predominantly the heterocyclic alkenylsulfanylthiocarbonyl chromophore.[38] The 
singlet excited state rapidly converts into a triplet, which is antibonding for the nitrogen-
oxygen bond.[51] 
The absorption band at 377 nanometers in ester 3b, we assigned to → *- 
transitions between orbitals of the p-nitrophenyl group. The band is shifted 37 nanometers 
from the nitrobenzene band (max = 340 nm), due to electron conjugation within in ester 
3b.[52] The band located at 324 nanometers, in this interpretation, is the thioazole-
2(3H)thione band, relevant for homolytically breaking the N,O bond.[38,53]  
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(vi) Proton-NMR and carbon-13 chemical shifts of O-tert-butyl esters. Carbon-13 
NMR-resonances suitable for identifying products of thiohydroxamate O-alkylation originate 
from thiocarbonyl carbon C2 (183±1 ppm) and heterocyclic enamine carbon C5 (117±3 ppm 
for 1a and 3a; 102.5 for 2a). The half-width of the carbon-13 resonance from the three 
magnetically equivalent methyl groups of the tert-butyl substituent of ester 1b measures 2.3 
Hz, which compares to line widths of the remaining signals (2.2±0.8Hz). O-Cumyl esters of 1a 
exert broad resonances for methyl carbons bound to C9 (for atom numbering, refer to 
Figures 4 and 6), due to hindered rotation of the tertiary alkyl group about the N,O-
bond.[11,35] For pro-diastereotopic methyl protons in 1b, the phenomenon of hindered 
rotation is not similarly observable. From comparable steric size of a tert-butyl and a cumyl 
group,[54,55] we expect similar rate retarding effects on N,O-rotation. 
For characterizing tert-butyl esters 1b–3b via proton NMR-spectroscopy, we used 
chemical shifts from the singlet of the 4-methyl substituent of the heterocycle (2.4±0.1 
ppm), the quartet of C5-H in 2b (6.15 ppm), and the singlet for the nine magnetically 
equivalent protons of the tert-butyl group (1.56±0.09 ppm) (all values for CDCl3 and 20 °C). 
(vii) Assigning thiocarbonyl stretchings and nitrogen-oxygen vibrations in heterocyclic 
O-(tert-butyl) thiohydroxamates. For identifying infrared absorptions from the 
thiohydroxamate entity, we calculated vibrational spectra for minimum conformations of 
heterocyclic O-(tert-butyl) thiohydroxamates 1b–3b (sections 4.1–4.2 for 2b–3b and ESI for 
1b) at the DFT-D3/B3LYP/TZVP-level of theory, which includes disperion energies for 
predicting vibrational modes more reliable than methods used hereafter for other purposes. 
The strongest infrared absorption of 3-(tert-butoxy)-4-methylthiazole-2(3H)thione 
(2b) in a solution of acetonintrile is positioned at 1300 cm–1 and originates from largely 
uncoupled C,N-stretching vibration toward C2.  
The thiocarbonyl stretching vibration in ester 2b couples to vibrations from the 
heterocyclic core, and bonds formed with substituents, particularly the alkoxy and the 4-
methyl group, but also the C5-H bond. Vibrational coupling gives rise to three weak in 
intensity bands located at 982, 1012 and 1153 cm–1, showing moderate to small contribution 
from thiocarbonyl stretching. These bands are located with similar relative intensity at 964, 
1022 and 1152 cm–1 in the computed, scaled (0.99) vibrational spectrum (Figure 3). 
Elongation of the N,O-bond couples with thiocarbonyl stretching, C,H-bending and 
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ring deformation vibrations from the heterocyclic core, leading to weak infrared absorptions 
at 883, 1138, 1155, and 1191 cm–1 in the experimental spectrum and at 887, 1152, 1170 and 
1206 cm–1 in the computed spectrum. 
Carbon-nitrogen stretching vibrations of 5-aryl-substituted thiazolethiones 1b and 3b 
couple to bending, torsional, skeletal, and deformation modes, but remain located in the 
spectral region of 1300±50 cm–1. Thiocarbonyl stretchings couple in both compounds more 
extensively, providing up to six diagnostic but low-in-intensity vibrations between 950 and 
1350 cm–1 (ESI). 
To sum up, thiocarbonyl stretching [5661] and N,O-elongation combine in 3-(alkoxy)-4-
methylthiazole-2(3H)thiones to a set of weak in intensity skeletal vibrations, spectro-
scopically located in the fingerprint-region. 
 
Figure 3 Experimental infrared spectrum of 3-(tert-butoxy)-4-methylthiazolethione 2b (top; 
20 °C in CH3CN) and computed harmonic frequencies for the equilibrium structure of 2b 
(bottom; ● = contribution from C=S-stretching vibration; ○ ĐoŶtriďutioŶ froŵ N,O-stretching 
vibration; experimental = FTIR in acetonitrile, 75µm pathlength, 28 mM solution of 2b; 
calculated = DFT-D3/B3LYP/TZVP, scaling factor 0.99; simulated = Lorentzian functions with a 
full width at half maximum of 15 cm–1; for minimum structure of compound 2b used in 
vibrational analysis, see Figure 6). 
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(viii) Crystallography. p-Nitrophenyl-substituted tert-butyl ester 3b (MNPTTOtBu) 
crystalizes from a solution of diethyl ether and pentane in monoclinic space group P21/n. The 
unit cell comprises four molecules of MNPTTOtBu (3b), forming sulfur-sulfur [S1...“ϭ’ = 
3.506(4) Å] and sulfur-hydrogen bonded (P/P)...(M/M)-atropisomers [S7...H’,C’ = Ϯ.ϵϳϱ;ϰͿ Å]. 
Stereogenic elements in ester 3b are the N,O-bond,[62] and the C,C-bond connecting the 
thiazolethione nucleus to the twisted p-nitrophenyl group [±26.10(7)]° (Figure 4). 
Bond angle N3,O8,C9 = 116.8(1) ° is larger than the standard bond angle at oxygen.[63] 
For primary, secondary, and tertiary O-alkyl derivatives of MAnTTOH (1a), the size of the 
N3,O8,C9-angle linearly correlates with the Taft-Dubois-steric substituent parameter, 
pointing to strain as major inductor for angle widening at O8. 
 
Figure 4 Ellipsoid graphic of 3-(tert-butoxy)-4-methyl-5-(4-nitrophenyl)thiazole-2(3H)thione 
(3b) in the solid state (50% probability level; 160 K; hydrogen atoms are drawn as circles of 
an arbitrary radius; oxygen is depicted in red, nitrogen in blue, and sulfur in orange). 
 
Probably an electronic and not a steric effect is responsible for dispersion of bond 
angles at tert-butyl carbon C9, which gradually decrease from synperiplanar arranged methyl 
carbon C10 [111.6(1) °] via anticline carbon C12 [105.8(1)°] to the second anticline carbon 
C11 [103.1(1)°]. Similar bond angle dispersion is known from structural peroxide chemistry, 
and explained by -bonding between the (O,O)-bond and the *(C,C)-orbital in 
antiperiplanar or anticline orientation. -Bonding reduces the size of involved bond angles 
(Figure 5).[64,65] 
Lengths of single and double bonds of the thiazole-2(3H)thione core converge, 
pointing to electron delocalization similar to bonding in heteroaromatics (Table 2, entry 
12).[11,35] 
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Figure 5 Molecular orbital model on angle dispersion in tert-butyl thiohydroxamate 3b (for 
similar interaction with *(C9,C11), refer to the text; O,C9,C11 = 103.11°; NP = 4-nitrophenyl; 
subscripts describe the confidence range of the final digit). 
 
3 Formation and rearrangement of 1-(tert-butoxy)pyridine-2(1H)thione 
(i) Products of 1-hydroxypyridine-2(1H)thione-alkylation. 1-Hydroxypyridine-2(1H)-
thione (4a) provides 1-(tert-butoxy)pyridinethione 4b in up 27% yield besides 15% S-(tert-
butyl) thiohydroximate 9b,[32,66] when treated with O-(tert-butyl)-N,N-diisopropyl isourea as 
specified in section 2 (Scheme 5). 
In earlier studies, we had prepared tert-butyl ester 4b from 2,2-dimethyl-2-
bromopropane and 1-hydroxypyridine-2(1H)thione tetraethylammonium salt in a solution of 
dimethylformamide. Yields under such conditions never exceeded 1–4%.[32,66] When stored 
in a refrigerator the compound decomposed into yet unidentified pyridine derivatives.  
 
Scheme 5 Products of 1-hydroxypyridine-2(1H)thione-alkylation (a 2 experiments; b isolated 
from one representative experiment). 
(ii) The O-alkyl thiohydroxamate-O-alkyl sulfenate rearrangement. A sample of 1-
(tert-butoxy)pyridine-2(1H)thione (4b) purified by chromatography on silica gel furnished a 
yellow oil, displaying proton and carbon-13 NMR-chemical shifts a new compound. By 
comparing the data to references from our spectra library, we assigned molecular formula 
10b to the new product (Scheme 6).[67] On standing in a solution of deuterochloroform, O-
(tert-butyl) sulfenate 10b decomposes into yet unidentified pyridine derivatives. 
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Scheme 6 Rearrangement of 1-(tert-butoxy)pyridine-2(1H)thione (4b) [numbers in italics 
refer to carbon-13 NMR-shifts, figures in parenthesis to proton NMR-shifts (CDCl3, 20 °C)]. 
 
(iii) Synthesis of an O-alkyl pyridine-2-sulfenate as chemical reference. The compound 
used as structural reference for characterizing rearranged product 10b is O-pentyl pyridine-
2-sulfenate 10c, prepared in 51% yield from 1-(pentoxy)pyridine-2(1H)thione (4c) in 
photochemical reaction (Scheme 7 and the ESI). Sulfenate 10c is a colorless oil, decomposing 
with moderate rate when contacted to silica gel during chromatography. Once pure, the 
compound is stable on storing in a refrigerator.  
 
Scheme 7 Products from anaerobic photodecomposition of 1-(pentoxy)pyridine-2(1H)thione 
(4c) [numbers in italics refer to carbon-13 NMR-shifts (CDCl3, 20 °C)].  
 
4 Structure, bonding, and stability of heterocyclic O-alkyl thiohydroxamates 
4.1 Objective, models and validation of the approach 
(i) Outline. To understand electronic interplay between N-heterocyclic thiolactames 
and alkoxy substitution at nitrogen, we investigated structure and bonding of heterocyclic O-
alkyl thiohydroxamates using electronic structure methods.[68] For separating steric from 
electronic effects, we complemented structure/energy-data from tert-butyl esters by data 
for methyl substitution. 
Before computationally investigating compounds, we assessed methods for 
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reproducing solid state structural properties of 3-(alkoxy)thiazole-2(3H)thiones and 1-
(alkoxy)pyridine-2(1H)thiones (section 4.1). The finest method served as default for 
investigating conformational characteristics of heterocyclic O-alkyl thiohydroxamates 
(section 4.2), stability of isomers occurring in synthesis (section 4.3), N,O-bonding (section 
4.4), and the phenomenon of steric stabilization (section 4.5). 
(ii) Theory. For theoretically analyzing points of interest, we selected a double -basis 
set, abbreviated in the Gaussian03-systematic as 6-31+G**.[6971] The 6-31G**-basis is 
parameterized for computing energy functions involving first, second, and third row 
atoms.[72,73] Polarization and diffuse functions[74] allow to treat with reasonable precision 
bonding between heteroatoms interacting by non-bonding electron pair effects, and 
bonding in cross-conjugated -electron systems.[75] 
All methods preselected for being combined with the 6-31+G**-basis cover electron 
ĐorrelatioŶ: BeĐke’s ϯ paraŵeter Lee-Yang-Parr hybrid functional (B3LYP),[76,77] BeĐke’s half 
and half Lee-Yang-Parr hybrid functional (BHandHLYP),[78] and second order Møller-Plesset-
perturbation theory (MP2)[7981]. For translating results from density functional theory to a 
more tutorial bonding model, we used natural bond orbital (NBO)-theory.[82,83] 
(iii) Quality of the approach. B3LYP-theory in combination with the 6-31+G**-basis 
set reproduces structure of the thiohydroxamate group in 3-(tert-butoxy)-4-methylthiazole-
2(3H)thione (2b) with deviation of 0.4% for the thiocarbonyl group, 0.4% for the nitrogen-
oxygen bond, 1.3% for the nitrogen-carbon C2-bond, and 0.1% for the carbon-oxygen bond, 
when referenced toward the crystal structure of O-cumyl ester 2e (Table 2, entries 1 and 
11).[84] Bond angles at endocyclic nitrogen N3 and thiohydroxamate oxygen O8, and the 
dihedral angle along the N,O-bond, deviate no more than 1.4% from the experimental 
reference. Computed angles at tert-butyl carbon C9 gradually increase from 104.7 degrees 
for O8,C9,C11 via 105.2 degrees for O8,C9,C12 to 112.1 degrees for O8,C9,C10, reproducing 
the angle dispersion noted from the crystal structure of tert-butyl ester 3b (Figures 4 and 5).  
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Table 2 Computed and experimental parameters of O-alkyl thiohydroxamates 
 














1 a 2b / tBu 1.660 1.380 1.375 1.512 117.6 118.1 91.3 
2 b 2b / tBu 1.651 1.360 1.355 1.483 117.3 118.5 91.3 
3 c 2b / tBu 1.648 1.379 1.378 1.501 118.0 115.4 93.2 
4 a 2d / CH3 1.659 1.375 1.380 1.447 118.8 111.7 83.4 
5 a 3b / tBu 1.656 1.381 1.373 1.515 118.0 118.0 92.2 
6 b 3b / tBu 1.647 1.361 1.354 1.485 117.8 118.4 92.2 
7 a 4b / tBu 1.678 1.401 1.380 1.502 124.7 117.2 99.9 
8 b 4b / tBu 1.667 1.378 1.359 1.475 124.8 117.5 99.7 
9 c 4b / tBu 1.661 1.397 1.381 1.493 125.9 114.3 98.9 
10 a 4d / CH3 1.678 1.398 1.387 1.446 125.6 111.7 83.9 
11 d,e 2e / Cumyl 1.6542 1.3633 1.3702 1.5113 116.92 116.42 95.62 
12 e,f 3b / tBu 1.6562 1.3632 1.3782 1.5212 117.91 116.81 93.72 
13 e,g 4f / Cx* 1.6664 1.3775 1.3844 1.4827 125.33 112.42 99.93 
a B3LYP/6-31+G**. b BHandHLYP/6-31+G**. c MP2/6-31+G**. d X-ray diffraction at 293 K. e 
Subscripts refer to the confidence range of the final digit. X-ray diffraction at 160 K. f X-ray 
diffraction at 297 K; Cx* = trans-(1-tert-butyl)cyclohex-4-yl. 
 
BHandHLYP-theory underestimates the length of the thiocarbonyl group, the N,O-
distance, and the length between tert-butyl carbon C9 and thiohydroxamate oxygen O8. The 
method, however treats the thiohydroxamate C,N-bond more precisely than the B3LYP-
density functional and MP2-theory (Table 2, entries 2, 6, and 8). Møller-Plesset-theory 
predicts a shorter distance between thiocarbonyl carbon and sulfur, a shorter bond between 
thiohydroxamate oxygen O8 and ester carbon C9, and a smaller bond angle at O8 (Table 2, 
entries 3 and 9). 
From the quality of computed data, we chose B3LYP-theory as standard for 
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computing structure and bonding of O-alkyl thiohydroxamates. Our decision was guided by 
the ability of B3LYP-theory to reproduce the combination of N,O- and C=S-bond lengths. The 
lengths of the two bonds are interrelated by a mechanism explaining most questions raised 
with the study. For cross-checking thermochemical data we applied MP2-theory. 
 
4.2 Heterocyclic O-alkyl thiohydroxamates 
(i) Conformation along the N,O-bond – the thiohydroxamate dihedral angle . In the 
computed minimum conformer of MTTOtBu (2b), the tert-butyl substituent is offset by 91.3 
degrees from the thiazolethione plane (Figure 6, Table 2, entry 1). Substituting methyl for 
tert-butyl reduces thiohydroxamate dihedral angle  = C2,N,O,C by 8 degrees. Replacing 4-
methyl-2-thiooxo-(3H)thiaz-3-yl by 2-thiooxo-(1H)pyrid-1-yl increases  by 9 degrees for O-
methyl- and for O-(tert-butyl) substitution. From this information we concluded that the 
preferred value of  is 90 degrees, allowing ±10 degrees variation for responding to steric 
demand of the O-alkyl substituent and structural peculiarities of the heterocyclic core. 
 
Figure 6 Representative minimum conformers of heterocyclic O-alkyl thiohydroxamates 
(sulfur is depicted in yellow, oxygen in red, nitrogen in blue, carbon in gray, and hydrogen in 
white; B3LYP/6-31+G**). 
 
(ii) Barrier to N,O-rotation. Rotations about N,O-bonds in thiazole- and pyridine-
derived thiohydroxamates occur in secondary and tertiary alkyl esters sufficiently slow, for 
being investigated by dynamic NMR-spectroscopy.[11,35,85,86] Simulating the process is feasible 
by a sequence of conformers differing in dihedral angle , for covering a conformational 
space of 360 degrees. Given a plane of symmetry, rotating by180 degrees provides a 
complete conformational analysis for rotation about the N,O-bond in thiazole- and pyridine-
derived O-alkyl thiohydroxamates (Figure 7).  
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Displacing the tert-butyl substituent in ester 2b from the equilibrium dihedral angle 
of 91.3 degrees by enlarging or reducing , raises conformational energy until maxima are 
reached, showing synperiplanar orientation of carbons C9 and C2 ( = 0 °) or antiperiplanar 
( = 180 °) (Figure 7). Assuming that likewise modelled high in energy conformers are 
maxima on the potential energy surface, Gibbs free energies differences between an 
equilibrium structure and planar a conformation translate into barriers to N,O-rotation 
(Table 3). 
The modelled potential energy curve for N,O-rotation in tert-butyl ester 2b is 
dissymmetric, showing a barrier of 49.7 kJ mol–1 for torsional movement past the thione 
sulfur and 89.7 for the movement past the 4-methyl substituent (Figure 7). The dihedral 
angle/energy-profile for methyl ester 2d is similar. Lower barriers correlate with smaller 
steric congestion at oxygen in O-methyl ester 2d (Table 3, entries 1–2). 
The experimental barrier to N,O-rotation in O-isopropyl thiohydroxamate 2f, 
measured in a solution of dimethyl ether at a temperature of 200 Kelvin, is 42±7 kJ mol–1.[85] 
Extrapolating this value by the Gibbs-Helmholtz-equation furnishes a Gΐ of 46±9 kJ mol–1 
for a temperature of 298.15 Kelvin. By comparing experimental to modelled activation 
parameters, we concluded that the experimental barrier refers to the torsional movement of 
the O-isopropyl group past thione sulfur. 
Modelling potential energy curves for rotating the O-(tert-butyl) group or the O-
methyl group past hydrogen or past thione sulfur in pyridine-2(1H)thiones 4b and 4d, 
furnishes again dissymmetric dihedral angle/energy-curves (Figure 7). This time the barrier 
for shifting the alkyl substituent past thione sulfur is higher (63.5 kJ mol–1), than 
topomerizing a carbon substituent past hydrogen from the C6,H-bond (44.4 kJ mol–1). 
The extrapolated barrier Gΐ to N,O-rotation in 1-(isopropoxy)pyridine-2(1H)thione 
(4f) is 36±2 kJ mol–1, which is in between the barrier modelled for torsional movements of a 
tert-butyl (4b) and a methyl group (4d) past the C6,H-bond.[85]  
The steric effect exerted by thione sulfur in the pyridinethiones is more pronounced 
than in thiazolethiones, due to smaller exocyclic bond angle N,C2,S7, for example, of 123.7 in 
4b (128.9 ° in 2b). Downsizing the substituent at thiohydroxamate oxygen from tert-butyl to 
methyl lowers barriers, supporting the hypothesis that steric effects contribute to 
conformational energy of N,O-rotamers (Table 3, entries 4–5).  
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To sum up, lowest in energy conformers of thiazole- and pyridine-derived O-alkyl 
thiohydroxamates show orthogonal alignment between heterocyclic plane and substituent 
at oxygen. 
 
Figure 7 Energy changes for rotating tert-butyl and methyl groups about N,O bonds in 
heterocyclic O-alkyl thiohydroxamates (B3LYP/6-31+G**). 
 
Table 3 Barriers to rotation about N,O-bonds in heterocyclic O-alkyl thiohydroxamates  
 
entry compd. / R G(298.15)0 °  
/ kJ mol–1 a,b 
G(298.15)180 °  
/ kJ mol–1 b,c 
G(298.15)exp   
/ kJ mol–1 d 
1 2b / tBu 49.7 89.7 – e 
2 2d / CH3 38.5 65.3 – e 
3 2f / iPr – e – e 46±9 
4 4b / tBu 63.5 44.4 – e 
5 4d / CH3 44.4 35.1 – e 
6 4f / iPr – e – e 36±2 d 
a G(298.15)0 ° = G(298.15)0 ° – G(298.15)min; min is short for global minimum; G(298.15)0 ° 
refers to  = 0 °. b B3LYP/6-31+G**// B3LYP/6-31+G**. c G(298.15)180 ° = G(298.15)180 ° – 
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4.3 O-Alkyl thiohydroxamate isomers 
(i) Significance and design of the study. To understand how heterocyclic groups effect 
stability of O-alkyl thiohydroxamates, we modelled heats of formation of isomers, coexisting 
in solution or in neat compounds, when being stored.[8789] Product classes considered in this 
part of the project are O-alkyl thiohydroxamates, S-alkyl thiohydroximates and O-alkyl 
sulfenates. Minimum structures for the latter two product classes were obtained from 
potential energy scans of dihedral angles on the B3LYP-level of theory. For validating 
computed thermochemical data, we additionally minimized all energy functions in MP2-
theory. 
(ii) S-alkyl thiohydroximates. Minimum structures of thiazole-derived S-alkyl 
thiohydroximates 7b/7d show a vertical displacement of the carbon substituent from the 
heterocyclic plane, declining from 67.2 degrees for the N3,C2,S7,C9-angle in case of tert-
butyl-substitution (for 7b) to 58.2 degrees for methyl derivative 7d. Energy-minimized 
structures of 2-(alkylsulfanyl)pyridine 1-oxides show gauche conformation for atoms 
N1,C2,S7,C9 in case of tert-butyl substitution at sulfur (63.3 ° in 9b), and antiperiplanar for 
methyl substitution (Figure 8). 
The antiperiplanar conformation is the only structural motif encountered so far in 
crystal structures of 2-alkylsulfanyl-1,3-thiazole 3-oxides and -pyridine 1-oxides.[15,87,90,91]  
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Figure 8 Minimum structures of selected S-alkyl thiohydroximates (sulfur is depicted in 
yellow, oxygen in red, nitrogen in blue, carbon in gray, and hydrogen in white; B3LYP/6-
31+G**). 
 
(iii) O-Alkyl sulfenates. Minimum structures of O-alkyl sulfenates 10 and 12 show 
rooftop-conformations, as evident from dihedral angles along the sulfur-oxygen bond of 
108±1 degrees for tert-butyl derivatives 10b and 12b, and 89±2 degrees for O-methyl 
derivatives 10d and 12d (Figure 9).[64] Sulfur-oxygen bond lengths predicted by theory are 
1.688 Ångstrøms for pyridines 10b and 10d, and 1.684 Ångstrøms for thiazole-derived O-
esters 12b and 12d.  
A reference from crystallography, O-[trans-(4-tert-butyl)cyclohexyl]-2,4-dinitro-
phenylsulfenate, shows 2.7% shorter sulfur-oxygen bond [1.642(1) Å], but a similar value for 
the C,O,S,C-dihedral angle [92.0(1) °], agreeing, in summary, reasonably with the computed 
data, for example, for thiazole-derived sulfenates 12b/d.[92]  
 
Figure 9 Minimum conformers of heterocyclic O-(tert-butyl) sulfenates (sulfur is depicted in 
yellow, oxygen in red, nitrogen in blue, carbon in gray, and hydrogen in white; B3LYP/6-
31+G**). 
(iv) Stability of isomers. According to theory, O-alkyl sulfenates 10 and 12 are the 
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most stable of the O-alkyl thiohydroxamate isomers, regardless of the underlying 
heterocycle and the steric size of the carbon substituent. In Møller-Plesset-theory, predicted 
driving forces are slightly but systematically more pronounced than in density functional 
theory. Second in stability are S-alkyl thiohydroximates 7 and 9, except of S-(tert-butyl) 
thiohydroximate 7b, which is in both theories thermochemically less stable than O-(tert-
butyl) thiohydroxamate 2b (Tables 4 and 5). 
The only isomerization described experimentally for 3-(alkoxy)thiazole-2(3H)thiones 
is a methyl shift from oxygen to sulfur. The reaction seems to be restricted to the solid state 
and requires about four years for attaining a 84/16-ratio of rearranged/non-rearranged 
isomers.[87]  
Primary and secondary 1-(benzyloxy)pyridine-2(1H)thiones quantitatively isomerize 
within hours into 2-(S-benzylsulfanyl)pyridine 1-oxides.[88,90] Tertiary 1-alkoxypyridine-
2(1H)thione 4b quantitatively isomerizes into sulfenate 10b. The origin of the specificity for 
selecting one or the other pathway is not evident from our data. By looking at the chemistry 
of 1-(alkoxy)-2(1H)pyridones and 1-(acyloxy)pyridine-2(1H)-thiones we suggest that 
rearrangement 4 → 9 occurs via substitution,[93] and rearrangement 4 → 10 by a frontier 
molecular orbital-controlled sigmatropic shift.[94] 
1-(Methoxy)pyridine-2(1H)thione 4d escaped for years synthesis and 
characterization.[45] We finally separated trace-amounts of a yellow oil, showing UV/Vis-
absorptions of the pyridine-2(1H)thione-chromophore, and proton- and carbon-13 NMR-
resonances proving the existence of O-methyl thiohydroxamate 4d.[66] Within hours of 
standing in an amber-colored flask, in the dark, and in a refrigerator, the material 
decomposed into a complex mixture of yet unidentified pyridines. On the basis of 
information from the present study we believe that the compound rearranges into O-methyl 
sulfenate 10d for undergoing secondary transformations. 
Modelled thermochemical data, in summary, pose a useful guideline for organizing 
experimentally observed chemical differences between pyridine- and 1,3-thiazole-derived 
heterocyclic O-alkyl thiohydroxamates. 
  
114 5. HETEROCYCLISCHE O-(TERT-BUTYL)THIOHYDROXAMATE 
Table 4 Computed energies of thiazole-derived O-alkyl thiohydroxamates and isomers 
 
entry theory a 2 / R Erel / kJ mol
–1 b 
   7 12 
1 B3LYP 2b / tBu 7b: 14.3 12b: –90.0 
2 MP2 2b / tBu 7b: 5.0 12b: –105.3 
3 B3LYP 2d / CH3 7d: –0.2 12d: –74.5 
4 MP2 2d / CH3 7d: –20.0 12d: –100.0 
a In combination with the 6-31+G**-basis set. b Erel = relative energy (zero-point vibrational 
energy-corrected) at a temperature of 0 Kelvin, referenced versus O-alkyl thiohydroxamates 
2b (entries 1 and 2) or 2d (entries 3 and 4).  
 
Table 5 Computed energies of pyridine-derived O-alkyl thiohydroxamates and isomers 
 
entry theory a 4 / R Erel / kJ mol
–1 b 
   9 10 
1 B3LYP 4b / tBu 9b: –5.2 10b: –105.9 
2 MP2 4b / tBu 9b: –21.2 10b: –117.2 
3 B3LYP 4d / CH3 9d: –30.6 10d: –94.4 
4 MP2 4d / CH3 9d: –40.4 10d: –112.0 
a In combination with the 6-31+G**-basis set. b Erel = relative energy (zero-point vibrational 
energy-corrected) at a temperature of 0 Kelvin, referenced versus O-alkyl thiohydroxamates 
4b (entries 1 and 2) or 4d (entries 3 and 4).  
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4.4 -Bonding between nitrogen and oxygen 
(i) Bond order (BO)-analysis. Bond orders are guidelines for rating bond strengths 
between a set of atoms.[95,96] Correlating experimental N,O-distances to bond orders from 
hydroxylamine (BON,O = 1),
[97] the triplet-nitrosyl anion (2), nitrogen monoxide (2.5), and the 
nitrosyl cation (3)[98,99] provides a linear relationship [dN,O
exp = 1.6490 – 0.1966 × BON,O 
(correlation coefficient R2 = 0.9996). A distance/bond order correlation for the same 
molecules, supplemented by N,O-distances from O-(tert-butyl) hydroxylamine (BON,O = 1) 
and 2-nitroso-2-methylpropane (2) furnishes nearly identical gradient and intercept for a 
linear correlation [dN,O
calc = 1.6316 – 0.1897 × BON,O (R2 = 0.9900); B3LYP/6-31+G**; ESI]. A 
third approach using harmonic force constants from vibrational spectroscopy for 
characterizing N,O-bond strengths[95,100,101] was not further pursued, once the degree of 
vibrational coupling in heterocyclic O-(tert-butyl) thiohydroxamates became apparent (cf. 
section 2). 
The N,O-distance of 1.378 Ångstrøms, determined by X-ray diffraction for O-(tert-
butyl) thiohydroxamate 3b, translates by the experimental correlation into a bond order of 
1.38 (Table 6, entry 3). Theoretical bond order analysis provides value of 1.36. Computed 
N,O-distances of O-alkyl thiohydroxamates 2 and 4 correlates to bond orders of 1.35 for 3-
(tert-butoxy)thiazolethione 2b, 1.33 for methyl ester 2d and tert-butyl ester 4b, and 1.29 for 
(methoxy)pyridinethione 4d (Table 6, entries 1–2 and 4–5). 
 
Table 6 N,O-Bond orders in heterocyclic O-alkyl thiohydroxamates 
entry compd / R dN,O / Å 
a BON,O 
b 
1 2b / tBu 1.3754 1.35 
2 2d / CH3 1.3803 1.32 
3 3b / tBu 1.3734 (1.378) c 1.36 (1.38) d 
4 4b / tBu 1.3800 1.33 
5 4d / CH3 1.3871 1.29 
a Calculated (B3LYP/6-31+G**). b Form dN,O
calc = 1.6316 – 0.1897 × BON,O (refer to the text). c 
Figure in parentheses refers to the experimental value (X-ray diffraction, 160 K). d From 
dN,O
exp = 1.6490 – 0.1966 × BON,O (refer to the text). 
116 5. HETEROCYCLISCHE O-(TERT-BUTYL)THIOHYDROXAMATE 
Bond order analysis for heterocyclic O-alkyl thiohydroxamates, in summary, points to 
partial double bonding between nitrogen and oxygen, becoming more significant as the 
steric size of the ester substituent increases, and being stronger in thiazole-derived 
thiohydroxamates than in pyridine derivatives. 
(ii) Molecular orbital model. According to natural bond orbital (NBO)-theory,[82] 
bonding between nitrogen and oxygen in heterocyclic O-alkyl thiohydroxamates occurs by 
superimposing three (N,O)-bonds of different strength, to a (N,O)-bond formed from the 
two heteroatoms with similar molecular orbital coefficients (Figure 10; ESI). 
The first -bond [1(N,O)] results from overlapping non-bonding electron pairs at 
oxygen and *(N,C)-orbitals from the heterocyclic core (Figure 10). In NBO-theory, the two 
non-bonding electron pairs at thiohydroxamate oxygen differ in hybridization, similar to 
ether oxygens.[102] One non-bonding electron pair shows 99.9% p-character, the second is sp-
hybridized. In the minimum conformation, overlapping between the p-type orbital and the 
*(N,C)-orbitals is for stereoelectronic reason at maximum, contributing stronger to the 
1(N,O)-bond, than the second interaction using the sp-hybridized non-bonding electron pair 
as donor.  
The second -bond, 2(N,O), forms between the non-bonding electron pair at 
nitrogen and the *(O,C9)-orbital. NBO-theory predicts 99.9% p-character for the non-
bonding electron pair at nitrogen, being incorporated into a planar heterocyclic core, and 
interacting with adjacent -systems, particularly the thiocarbonyl group. 
-Electrons from the heterocyclic core and the O-alkyl group overlap with the 
*(N,O)-orbital, to form a third -bond, 3(N,O). Populating the *(N,O)-orbital 
counterbalances to some extend bond order-increasing contributions from 1(N,O)- and 
2(N,O)-bonding. 
By relative bond energy, the 1(N,O)-bond in thiazolethiones 2b and 2d (55±2 kJ mol–
1) is stronger than in pyridinethiones 4b and 4d (45±3 kJ mol–1). The strength of the 2(N,O)-
bond depends on alkyl substitution at ester oxygen, gradually rising from methyl esters 2d 
and 4d (11 kJ mol–1) via tert-butyl ester 4d (17 kJ mol–1) to 3-(tert-butoxy)thiazolethione 2d 
(76 kJ mol–1). Strength of 3(N,O)-bonding, again, depends on the nature of the heterocyclic 
core and is higher for thiazolethiones 2b and 2d (70±1 kJ mol–1) than for pyridinethiones 4b 
and 4d (54±1 kJ mol–1) (ESI). 
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Molecular orbital theory, in summary, relates higher N,O-bond orders in thiazole-
derived O-alkyl thiohydroxamates to stronger (N,O)-bonds. 
 
Figure 10 Molecular orbital model for -bonding between nitrogen and oxygen in thiazole-
derived O-alkyl thiohydroxamates (NBO-analysis; X = C or H; ESI). 
 
(iii) Dihedral angle dependency of (N,O)-bond strength. Bond strengths of 1(N,O)- 
and 2(N,O)-bonds depend on the size of dihedral angle . Strength of the bond 3(N,O) is 
nearly independent from . Energies of bonds 1(N,O) and 2(N,O) reach maxima at = 90 
degrees, and minima for 0 and 180 degrees. Increasing or decreasing , starting from 90-
degrees, reduces (N,O)-bond strengths and causes the distance between nitrogen and 
oxygen to increase. The distance between carbon C2 and sulfur S7 from the thiocarbonyl 
group shortens upon rotating the alkyl group toward methyl in 2 and hydrogen in 4, and 
lengthens for alkyl group rotation toward thione sulfur. Bond distances between nitrogen 
and carbon C2 follow this trend, however, with opposite sign (Figure 11).  
In crystal structures, the O-alkyl substituent is offset by 90±10 degrees from the 
thiohydroxamate plane.[35,87] Orthogonal arrangement takes profit from maximum (N,O)-
bond energy. From this information we concluded that a fraction of the barrier to N,O-
rotation is stereoelectronic in orgin. The remaining fraction should be steric of origin, since 
energies of non-bonding electron pairs at nitrogen and oxygen vary insignificantly upon N,O-
rotation, and not with the systematic expected for a conformational effect of Coulomb 
repulsion.[103105] We therefore concluded that non-bonding electron pair repulsion plays a 
secondary role, if any, for explaining barriers to N,O-rotation in heterocyclic O-alkyl 
thiohydroxamates (ESI).[85]  
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Figure 11 Dihedral angle dependency of thiohydroxamate bond lengths, exemplified by 
torsional movement of the tert-butyl group in 3-(tert-butoxy)thiazolethione 2b (for indexing 
of atom positions, see Figure 6). 
 
4.5 Responses to thiohydroxamate bond angle variation 
(i) Response from steric encroachment. The size of bond angle N,O,C9 experimentally 
correlates with steric encroachment exerted by alkyl substitution at thiohydroxamate 
oxygen.[35] Density functional theory reproduces this trend, predicting 6.4 degrees larger 
N,O,C9-angle by substituting tert-butyl for methyl in 3-(alkoxy)-4-methylthiazole-
2(3H)thiones (Table 2, entries 1 and 4) and 5.5 degrees for the same substitution in 1-
(alkoxy)pyridine-2(1H)thiones (Table 2, entries 7 and 10). 
(ii) Response from hybridization at oxygen. Increasing the N,O,C9-angle size from 90 
to 130 degrees changes hybridization at oxygen. NBO-theory predicts the p-character of the 
more stabilized non-bonding electron pair to increase by this variation, beginning at 32% for 
a N,O,C9-bond angle of 90 degrees, via 48% for the equilibrium structure (118.1 °) to 55% for 
130 degrees (values for 2b; for data of 2c, 4b, and 2d, refer to the ESI). The second non-
bonding electron pair at oxygen retains full p-character. The percentage of p-character of 
non-bonding electron pairs at oxygen correlates with orbital energy, and the ability to 
donate electrons in (N,O)-interactions. Stronger (N,O)-bonds show up in shorter N,O-
bonds (Figures 12 and 13). Steric congestion at thiohydroxamate oxygen, in summary, 
strengthens the N,O-bond. 
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Figure 12 Bond angle dependency of (N,O)-bond energy in heterocyclic O-alkyl 
thiohydroxamates [E(N,O) = E1(N,O) + E2(N,O) + E3(N,O); cf. Figure 10] 
 
Figure 13 Correlation between thiohydroxamate bond angle N,O,C9 and N,O-bond lengths in 
heterocyclic O-alkyl thiohydroxamates. 
 
(iii) Response from the carbon-sulfur double bond. 1(N,O)-bonding transfers electron 
density from oxygen to nitrogen. Nitrogen is the donor for the 2(N,O)-bond, but also for a 
stabilizing interaction with the *(C2,S7)-orbital from the thiocarbonyl group. The response 
to widening the N,O,C9-angle from the thiocarbonyl group is lengthening of the C2,S7-
distance in combination with shortening of the N,O-bond (Figure 14). 
(iv) Response from crystallography. Inverse N,O/C=S-correlations were discovered by 
crystallographers, stating that thiazole-derived O-alkyl thiohydroxamates respond to steric 
encroachment at oxygen by shortening and thus strengthening the N,O-bond. Lengthening 
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of C=S bonds was proposed to energetically counterbalance N,O-bond strengthening. From a 
smaller gradient of the N,O/C=S-correlation in the pyridine-2(1H)thione series, 
crystallographers concluded that this type of heterocycle is not similarly able to cope with 
steric congestion at thiohydroxamte oxygen.[35]  
 
Figure 14 Correlation between nitrogen-oxygen and thiocarbonyl bond lengths in 
heterocyclic O-alkyl thiohydroxamates 
 
5.  tert-Butoxyl radicals from heterocyclic O-(tert-butyl) thiohydroxamates 
5.1 Disconnecting ground state stabilizing effects 
For liberating alkoxyl radicals from 3-(alkoxy)thiazole-2(3H)thiones, the ground state 
stabilizing mechanism has to be disconnected, for example, by changing the electronic state 
or chemically modifying the thiohydroxamate group. In this study, we used photoexcitation 
for liberating tert-butoxyl radicals, which were spin-trapped (section 5.2), or added to 
styrene (section 5.3). 
 
5.2 Spin trapping of tert-butoxyl radicals 
When photoexcited with 350 nm-light in solutions of benzene, O-tert-butyl 
thiohydroxamates 1b–3b react with 5,5-dimethylpyrroline 1-oxide (DMPO) to provide 
nitroxyl radical 13, as shown by a diagnostic electron spin resonance (ESR) at a g-factor of 
2.009. The hyperfine structure of the resonance shows -coupling from nitrogen-14, - and 
-couplings from protons.[39,106,107] (Table 7 and Figure 15). 
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Table 7 ESR-spectroscopic data of pyrrolidine 1-oxyl radical 13 obtained from photoreactions 
between O-(tert-butyl) thiohydroxamates and DMPO 
 
entry 1b–3b / R 13 
  g aN / G aH() / G aH() / G 
1 1b / p-C6H4(OCH3) 2.009 13.15 7.94 –b 
2 2b / H 2.009 13.17 7.96 1.93 
3 3b / p-C6H4(NO2) 2.009 13.17 7.94 1.90 
 
Figure 15 ESR-spectrum of nitroxyl radical 13, obtained from photoreaction of MNPTTOtBu 
(3b) and DMPO in a solution of benzene at room temperature. 
 
5.3 Trapping of tert-butoxyl radicals by intermolecular addition 
Photolyzing a solution of 3-(tert-butoxy)thiazolethione 2b in benzene, being 2.76 
molar in styrene and 0.13 molar in bromotrichloromethane, furnishes 2-bromo-2-phenyl-1-
(tert-butoxy)ethane (14) in 26% yield (Scheme 8).  
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A proton NMR-spectrum of bromohydrin ether 14 recorded in deuterochloroform 
displays a diagnostic singlet at 1.17 ppm for the three magnetically equivalent methyl groups 
of the tert-butyl group. Diastereotopic protons at carbon C1 furnish baseline separated 
signals at 3.81 and 3.91 ppm, being split by hyperfine couplings into doublet of doublets. 
 
Scheme 8 Multicomponent reaction for synthesis of 2-bromohydrin ether 14. 
Bromohydrin ether 14 forms by adding tert-butoxyl radical Ib to the terminal alkene 
carbon of styrene, which is the position bearing in the highest occupied molecular orbital 
and the lowest unoccupied molecular orbital the largest molecular orbital coefficient 
(Scheme 9).[12,108,109] Trapping of adduct III by bromotrichloromethane furnishes 
bromohydrin ether 14 in yields comparing to the tert-butoxyl radical addition product to 
norbornene.[110] The trichloromethyl radical, which is left from homolytic displacement at 
bromotrichloromethane, has three major options for stabilizing secondary reactions. The 
first option is to add to the thiocarbonyl sulfur of 3-(tert-butoxy)thiazole-2(3H)thione 2b, 
yielding 2-(trichloromethylsulfanyl)thiazole 15. The second option is to add to the alkenyl 
group of styrene, giving rise to 3,3,3-trichloro-1-bromo-1-phenylpropane (16).[111] The third 
option is to combine with a second of its kind to give hexachloroethane (17). 
Hexachloroethane (17) and products of bromotrichloromethane addition across an alkene -
bond are common contaminants in bromohydrin ether syntheses by the alkoxyl radical 
method. For unknown reasons, we did not isolate expected trapping product 15 (Figure 16). 
 
Scheme 9 Addition-substitution sequence for explaining formation of bromohydrin ether 14. 
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Thiazole-derived O-(tert-butyl) thiohydroxamates are stable compounds, liberating 
tert-butoxyl radicals by homolytically breaking the N,O-bond when activated with light or 
attacked by radicals at thione sulfur. The esters are accessible in up 64% yield from 
thiohydroxamic acids and an O-(tert-butyl) isourea. Characterizing products of 
thiohydroxamate O-alkylation is feasible from diagnostic thiocarbonyl carbon-13 resonances 
and stretching vibrations associated with the 3-alkoxy-4-methylthiazole-2(3H)thione core. 
Ground state stability of heterocyclic O-(tert-butyl) thiohydroxamates arises from 
partial multiple bonding between nitrogen and oxygen, being explained in molecular orbital 
by a (N,O)-bond and three superimposed (N,O)-bonds of different strengths. Steric 
congestion at thiohydroxamate oxygen strengthens (N,O)-bonding, explaining the unusual 
stability of 3-(tert-butoxy)thiazole-2(3H)thiones. 1-(Alkoxy)pyridine-2(1H) thiones exert a 
similar stabilizing mechanism, however, being less effective. 
The underlying principle, to use non-bonding electron pairs from proximate 
heteroatoms for strengthening a weak -bond by supplementary -interactions, according 
to our interpretation, is not restricted to the N,O-bond of thiohydroxamates. Nitrogen, 
phosphorous, oxygen, sulfur, fluorine, chlorine, bromine, and iodine in all possible 
combinations are in principle able to form - and -bonds according to the suggested model.  
The attractive feature of the N,O-bonding model developed in this article is the fact 
that the heteroatom-heteroatom bond stabilizing mechanism applies to the ground state. 
On the leave of the ground state, stabilizing interactions disappear, making the heteroatom-
heteroatom bond a predetermined breaking point for liberating reactive intermediates. 
Insights of this kind provide a guideline for designing new radical precursors and adapting 
their properties. For us, the approach provides perspectives for examining standing 
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questions on polar selectivity effects in tertiary alkoxyl radical additions, which we pursue at 





For general laboratory practice and instrumentation see the ESI.  
2. 3-Hydroxy-4-methyl-5-(4-nitrophenyl)-thiazole-2(3H)thione (3a) 
2.1 1-Chloro-1-(4-nitrophenyl)propan-2-one 
A solution of sulfuryl chloride (5.51 g, 3.3 mL, 40.8 mmol) in dichloromethane (15 mL) 
is added in a dropwise manner to an ice-cooled (0 °C) to a solution of 1-(4-nitrophenyl)-
propan-2-one (5)[112] (6.00 g, 33.5 mmol) in dichloromethane (20 mL), causing a change in 
color from red to pale yellow. The reaction mixture was continued for two hours at 21 °C, 
and washed afterwards with an aqueous saturated solution of NaHCO3 (50 mL) and water 
(50 mL). The organic phase was separated, dried (MgSO4), and concentrated under reduced 
pressure to leave an orange oil, which was purified by column chromatography using diethyl 
ether/pentane = 1:1 (v/v) as eluent. Yield: 5.47 g (25.6 mmol, 76 %), pale yellow oil, which 
crystallizes on standing at –32 °C. Rf = 0.50 [diethyl ether/pentane = 1:1 (v/v)]. M.p. 38 °C. 1H 
NMR (CDCl3, 400 MHz)  2.31 (s, 3 H), 5.40 (s, 1 H), 7.60–7.64 (m, 2 H), 8.24–8.27 (m, 2 H). 
13C NMR (CDCl3, 100.6 MHz)  26.1, 64.6, 124.1, 129.0, 141.7, 148.2, 199.1. MS (EI) m/z (%) 
213 (M+, <1), 172 (35), 171 (100), 163 (5), 151 (13), 141 (22), 133 (7), 124 (20), 112 (12), 103 
(8), 89 (70), 77 (18), 63 (42), 51 (14). Anal. Calcd. for C9H8NO3Cl (213.62): C, 50.60; H, 3.77; N, 
6.56; Found: C, 50.24; H, 3.90; N, 6.52.  
 
2.2 1-(Ethoxythiocarbonylsulfanyl)-1-(4-nitrophenyl)propan-2-one 
A solution of 1-chloro-1-(4-nitrophenyl)-propan-2-one (339 mg, 1.59 mmol) in 
acetone (2 mL) was added at 0 °C to a suspension of potassium O-ethyldithiocarbonate 
(256 mg, 1.60 mmol) in acetone (2 mL). The resulting slurry was stirred for two hours at 
21 °C. Solids were filtred off, and the filtrate concentrated under reduced pressure. The 
remaining red oil was purified by chromatography using diethyl ether/pentane = 1:1 (v/v) as 
eluent. Yield: 359 mg (1.20 mmol, 75 %), pale yellow solid. Rf = 0.57 [diethyl ether/pentane = 
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1:1 (v/v)]. m.p. 61 °C. 1H NMR (CDCl3, 600 MHz)  1.40 (t, J = 7.0 Hz, 3 H), 2.32 (s, 3 H), 4.61 
(q, J = 7.1 Hz, 2 H), 5.76 (s, 1 H), 7.50–7.59 (m, 2 H), 8.18–8.25 (m, 2 H). 13C NMR (CDCl3, 
100.6 MHz)  13.7, 28.9, 63.7, 71.1, 124.1, 130.1, 140.9, 147.9, 200.2, 211.2. MS (EI) m/z (%) 
299 (M+, 3), 266 (100), 257 (24), 239 (57), 211 (68), 194 (23), 180 (32), 168 (64), 152 (60), 137 
(27), 131 (35), 121 (76), 103 (41), 103 (8), 89 (80), 77 (77), 63 (61), 51 (34). Anal. Calcd. for 
C12H13NO4S2 (299.36): C, 48.15; H, 4.38; N, 4.68; S, 21.42, Found: C, 48.36; H, 4.50; N, 4.74. S, 
21.48. 
 
2.2 1-(Ethoxythiocarbonylsulfanyl)-1-(4-nitrophenyl)propan-2-one oxime 
Hydroxyl ammonium hydrochloride (94.3 mg, 1.36 mmol) and pyridine (104 mg, 
1.31 mmol) were sequentially added in one portion at added 0 °C to a suspension of 1-
(ethoxythiocarbonylsulfanyl)-1-(4-nitrophenyl)propan-2-one (315 mg, 1.05 mmol) in 
methanol (5 mL). The resulting mixture was stirred for fourteen hours at 22 °C and 
afterwards concentrated under reduced pressure. The remaining oil residue was taken up in 
dichloromethane (20 mL) and washed successively with 0.5 M aqueous hydrochloric acid 
(20 mL) and brine (20 mL). The organic phase was dried (MgSO4) and concentrated under 
reduced pressure. The remaining oil oil was purified by chromatography, using diethyl 
ether/pentane = 1:2 (v/v) as eluent. Yield: 260 mg (828 mmol, 79 %), pale yellow oil, 86/14-
mixture of (E)/(Z)-stereoisomers (isomers A and B). Anal. Calcd. for C12H14N2O4S2 (314.37) 
(mixture of stereoisomers A and B): C, 45.85; H, 4.49; N, 8.91; S, 20.40, Found: C, 45.74; H, 
4.55; N, 8.83, S, 20.37. Isomer A. Rf = 0.38 [diethyl ether/pentane = 1:2 (v/v)] 
1H NMR (CDCl3, 
200 MHz)  1.38 (t, J = 7.1 Hz, 3 H), 1.93 (s, 3 H), 4.60 (q, J = 7.1 Hz, 2 H), 5.65 (s, 1 H), 7.53–
7.66 (m, 2 H), 8.05 (br. s, 1 H), 8.15–8.26 (m, 2 H). 13C NMR (CDCl3, 100.6 MHz)  13.66, 
13.70, 57.7, 70.7, 123.7, 129.8, 144.4, 147.5, 155.2, 211.1. Isomer B. Rf = 0.26 [diethyl 
ether/pentane = 1:2 (v/v)]. 1H NMR (CDCl3, 200 MHz)  1.38 (t, J = 7.1 Hz, 3 H), 1.99 (s, 3 H), 
4.63 (q, J = 7.1 Hz, 2 H), 6.51 (s, 1 H), 7.55–7.62 (m, 2 H), 8.16–8.23 (m, 2 H), 8.60 (br. s, 1 H, 
OH). 13C NMR (CDCl3, 100.6 MHz)  13.6, 18.4, 49.8, 70.8, 123.9, 129.1, 143.2, 147.5, 153.2, 
210.5. 
 
2.4 3-Hydroxy-4-methyl-5-(4-nitrophenyl)thiazole-2(3H)thione (3a) 
A solution of (ethoxythiocarbonylsulfanyl)-1-(4-nitrophenyl)propan-2-one oxime 
(5.58 g, 17.7 mmol) in dichloromethane (104 mL) was added at 0 °C to a solution of 
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potassium hydroxide [4.00 g, 86% (w/w), 61.3 mmol] in water (104 mL). The resulting 
suspension was stirred for two hours at 23 °C and hereafter diluted with water (700 mL), all 
solids were dissolved. The aqueous layer was separated, washed with dichloromethane 
(200 mL) and acidified to pH 1 by adding concentrated hydrochloric acid. The precipitate was 
collected and dried. Yield: 4.42g (16.5 mmol, 93 %), yellow solid. The crude precipitate was 
used for preparing O-esters. An analytically pure sample was obtained by crystallizing from 
dimethyl formamide. Yellow needles. M.p. 162 °C. 1H NMR (DMSO[d6], 400 MHz)  2.38 (s, 3 
H), 7.72 (d, J = 8.8 Hz, 2 H), 8.29 (d, J = 8.8 Hz, 2 H), 12.51 (br.s, 1 H). 13C NMR (DMSO[d6], 
100.6 MHz)  12.8, 114.5, 124.3, 129.0, 136.8, 137.4, 146.6, 177.3. UV (methanol): max (lg 
/m2mol–1) 377 nm (3.15), 313 (2.94), 263 (2.90), 205 (3.28). Anal. Calcd. for C10H8N2O3S2 
(268.31): C, 44.77; H, 3.01; N, 10.44; S, 23.90, Found: C, 44.61; H, 3.08; N, 10.46, S, 23.98. 
 
3 Alkylation of 3-hydroxy-4-methylthiazole-2(3H)thiones with in situ-generated O-
(tert-butyl)-N,N-diisopropyl isourea  
3.1 General method 
Copper(I)-chloride (2 mol%) was added at 22 °C to solution of tert-butanol (5.5 mmol) 
and diisopropyl carbodiimide (5.5 mmol). The reaction mixture was stirred for twenty-four 
hours at 22 °C and hereafter transferred into a syringe, for being added (20L/min) to a 
solution of a 3-hydroxythiazole-2(3H)thione (1a–3a) or 1-hydroxypyridine-2(1H)thione (4a) 
in dichloromethane (2 mL/mmol) at 23 °C. After complete addition, solids were immediately 
filtered off and washed with dichloromethane (3 × 10 mL). Filtrate and washings were 
combined to furnish a clear solution, which was concentrated under reduced pressure. The 
remaining oil was purified by column chromatography (SiO2) using an eluent gradient 
specified individually below. 
 
3.2 Alkylation of 3-hydroxy-4-methylthiazole-2(3H)thione (2a) 
Reagents: 3-hydroxy-4-methylthiazol-2(3H)thione (2a) (1.48 g, 10 mmol), tert-butanol 
(3.72 g, 50.0 mmol), DIC (6.30 g, 50.0 mmol) and copper(I)-chloride (98 mg, 1.00 mmol). 
Eluent gradient used for chromatographic purification: ether/pentane = 1:1 (v/vͿ → aĐetoŶe. 
3-(2-Methylprop-2-oxy)-4-methylthiazole-2(3H)thione (2b). Yield: 988 mg (4.86 mmol, 49 %) 
off-ǁhite solid. M.p. ϱϲ−ϱϳ °C, Rf = 0.36 [diethyl ether/pentane = 1:1 (v/v)]. 1H NMR (CDCl3, 
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400 MHz)  1.57 (s, 9 H), 2.26 (d, J = 1.2 Hz, 3 H), 6.15 (q, J = 1.2 Hz, 1 H). 13C NMR (CDCl3, 
100 MHz)  15.2, 28.8, 91.8, 102.9, 139.8, 184.1. UV (methanol): max (lg /m2mol–1) 319 nm 
(3.05), 211 (2.99). IR (CCl4) νmax / cm–1 2981, 2933, 1306, 1191, 1155, 1138, 1012, 982, 883, 
839, 816, 854, 816, 727. Anal. Calcd. for C8H13NOS2 (203.32): C, 47.26; H, 6.44; N, 6.89; S, 
31.54, Found: C, 47.09; H, 6.30; N, 6.87, S, 31.45. 2-(2-Methylpropyl-2-sulfanyl)-4-
methylthiazole N-oxide (7b). Yield: 491 mg (2.42 mmol, 24 %) off-white solid. M.p. 105 °C. Rf 
= 0.41 (acetone). 1H NMR (CDCl3, 600 MHz)  1.43 (s, 9 H), 2.36 (d, J = 0.9 Hz, 3 H), 7.12 (d, J = 
0.9 Hz, 1 H). 13C NMR (CDCl3, 150.9 MHz)  13.9, 31.3, 52.5, 114.6, 135.5, 146.4. MS (EI) m/z 
(%) 203 (M+, <1), 187 (4), 147 (61), 131 (100), 86 (20), 71 (16), 57 (44). Anal. Calcd. for 
C8H13NOS2 (203.32): C, 47.26; H, 6.44; N, 6.89; S, 31.54, Found: C, 47.37; H, 6.23; N, 6.94, S, 
31.37. 
 
3.3 Alkylation of 3-hydroxy-4-methyl-5-(4-nitrophenyl)thiazole-2(3H)thione (3a) 
Reagents: 3-hydroxy-4-methyl-5-(4-nitrophenyl)thiazole-2(3H)thione (3a) (1.34 g, 
4.99 mmol), tert-butanol (2.04 g, 27.5 mmol), DIC (3.47 g, 27.5 mmol) and copper(I)-chloride 
(51 mg, 515 mol). Eluent gradient used for chromatographic purification: ether/pentane = 
1:1 (v/vͿ → ethǇl aĐetate. 3-(2-Methylprop-2-oxy)-4-methyl-5-(4-nitrophenyl)-thiazole-
2(3H)thione (3b). Yield: 624 mg (1.92 mmol, 39 %), fluffy yellow crystals. M.p. 153 °C. Rf = 
0.33 [diethyl ether/pentane = 1:1 (v/v)]. 1H NMR (CDCl3, 400 MHz)  1.64 (s, 9 H), 2.42 (s, 3 
HͿ, ϳ.ϰϵ−ϳ.ϱϮ ;ŵ, Ϯ HͿ, ϴ.Ϯϴ−ϴ.ϯϭ ;ŵ, Ϯ HͿ. 13C NMR (CDCl3, 100 MHz)  14.7, 28.9, 92.6, 
116.4, 124.4, 128.9, 137.1, 137.3, 147.2, 183.3. UV (methanol): max (lg /m2mol–1) 377 nm 
(3.18), 324 (2.96), 265 (2.99), 205 (3.33). IR (CCl4) νmax / cm–1 2981, 2933, 1523, 1350, 1327, 
1271, 1171, 1132, 1110, 1030, 990, 943, 910, 854, 816, 754, 695, 613, 566. Anal. Calcd. for 
C14H16N2O3S2 (324.42): C, 51.83; H, 4.97; N, 8.64; S, 19.76, Found: C, 51.70; H, 4.94; N, 8.64, 
S, 19.84. 2-(2-Methylpropyl-2-sulfanyl)-4-methyl-5-(4-nitrophenyl)-thiazole N-oxide (8b). 
Yield: 271 mg (837 mol, 17 %), orange oil. Rf = 0.26 (ethyl acetate). 1H NMR (CDCl3, 400 
MHz)  1.51 (s, 9 H), 2.52 (s, 3 H), 7.63−ϳ.ϲϱ (m, 2 H), 8.33−ϴ.ϯϱ (m, 2 H). 13C NMR (CDCl3, 
100.6 MHz)  13.2, 31.4, 53.0, 124.5, 129.0, 129.3, 136.6, 137.0, 143.8, 148.0. MS (EI) m/z 
(%) 220 (100), 190 (21), 174 (5), 163 (3), 147 (29), 135 (7), 121 (6), 115 (6), 103 (22), 91 (7), 
77 (15), 69 (14), 63 (9), 51 (6). Anal. Calcd. for C14H16N2O3S2 (324.42): C, 51.83; H, 4.97; N, 
8.64; S, 19.76, Found: C, 51.48; H, 5.26; N, 8.68, S, 19.85. 
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4 Alkylation of 1-hydroxypyridine-2(1H)thione (4a) 
4.1 Alkylation with tert-butyl bromide 
Reagents: 1-hydroxypyridine-2(1H)thione tetraethylammonium salt (2.72 g, 
10.6 mmol), tert-butyl bromide (1.45 g, 10.6 mmol) and dimethyl formamide (35 mL). Eluent 
used for chromatographic purification: tert-butyl methyl ether. 1-(2-Methylprop-2-oxy)-
pyridine-2(1H)thione (4b). Yield: 70 mg (382 mol, 4 %), pale yellow solid, m.p. 54 °C, Rf = 
0.61 (tert-butyl methyl ether). 1H NMR (CDCl3, 600 MHz)  1.49 (s, 9 H), 6.52 (td, Jt = 6.9 Hz, 
Jd = 1.7 Hz, 1 H), 7.05 (ddd, J = 8.6, 6.9, 1.5 Hz, 1 H), 7.63 (dd J = 8.0, 1.5 Hz, 1 H), 7.66 (dd, J = 
6.5, 1.7 Hz, 1 H). 13C NMR (CDCl3, 150 MHz)  27.7, 90.7, 112.2, 132.0, 137.7, 139.9, 179.2. 
UV (ethanol): max (lg /m2mol–1) 364 nm (2.68), 291 (3.03). Anal. Calcd. for C9H13NOS 
(183.27): C, 58.98; H, 7.15; N, 7.64; S, 17.49, Found: C, 58.68; H, 6.97; N, 7.65, S, 17.09.  
 
4.2 Alkylation with in situ-generated O-tert-butyl-N,N-diisopropyl isourea 
Reagents: 1-hydroxypyridine-2(1H)thione (643 mg, 5.06 mmol), tert-butanol (2.04 g, 
27.5 mmol), DIC (3.47 g, 27.5 mmol) and copper(I)-chloride (50.0 mg, 505 mol). Eluent 
gradient used for chromatographic purification: diethǇl ether → aĐetoŶe. Yield: ϮϮϭ mg 
(1.21 mmol, 24 %), yellow oil, 82/18-mixture of 1-(2-methylprop-2-oxy)pyridine-2(1H)thione 
(4b) and O-(2-methylprop-2-yl) pyridine-2-sulfenate (10b). Rf = 0.80 (diethyl ether). O-(2-
methylprop-2-yl) pyridine-2-sulfenate (10b). 1H NMR (CDCl3, 400 MHz)  1.35 (s, 9 H), 6.92 
(ddd, J = 7.5, 4.8, 1.1 Hz, 1 H), 7.34 (dt, Jd = 8.1 Hz, Jt = 1.1 Hz, 1 H), 7.60 (td, Jt = 7.8 Hz, Jd = 
1.9 Hz, 1 H), 8.32 (d, J = 4.8 Hz, 1 H). 13C NMR (CDCl3, 100.6 MHz)  27.6, 83.4, 117.1, 119.0, 
136.4, 148.7, 167.1. 1H NMR (C6D6, 400 MHz)  1.13 (s, 9 H), 6.42 (ddd, J = 7.5, 4.8, 1.1 Hz, 1 
H), 7.08 (td, Jt = 7.8 Hz, Jd = 1.9 Hz, 1 H), 7.25 (dt, Jd = 8.1 Hz, Jt = 1.1 Hz, 1 HͿ, ϴ.Ϯϭ−ϴ.Ϯϳ ;ŵ, ϭ 
H). 13C NMR (C6D6, 100.6 MHz)  27.5, 82.8, 116.9, 118.9, 136.2, 149.0, 167.8. 2-(2-
methylpropyl-2-sulfanyl)pyridine 1-oxide (9b). Yield: 109 (594, mol, 12 %), colorless oil. Rf = 
0.31 (acetone). 1H NMR (CDCl3, 400 MHz)  1.52 (s, 9 H), 7.08 (ddd, J = 1.9, 6.5, 6.6 Hz, 1 H), 
7.6 (td, Jd = 1.4 Hz, Jt = 7.5 Hz, 1 H), 7.52 (dd, J = 8,0, 2.0 Hz, 1 H), 8.27 (dd, J = 1.1, 6.4 Hz, 1 
H). 13C NMR (CDCl3, 150.9 MHz)  30.9, 47.9, 122.4, 124.4, 129.0, 139.8, 149.7. GC/MS (EI) 
m/z. (%): 17.95 min/ 183 (M+, <1), 167 (5), 127 (30), 111 (100), 78 (16), 67 (33), 57 (19). 
HRMS (EI+) m/z 183.0718 (M+); calculated mass for C9H13NOS:183.0718. 
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5 Spin trapping with 5,5-dimethyl-1-pyrroline 1-oxide (DMPO) 
A solution of an O-alkyl thiohydroxamate [9.59 mg (31.0 µmol) for 1b, 5.97 mg (29.4 
µmol) for 2b, 10.0 mg (30.8 µmol) for 3b] in benzene (300 L, 0.10 M) was transferred into 
an ESR-tube, charged with a solution of 5,5-dimethyl-1-pyrroline 1-oxide (3.59 mg, 31.7 
µmol) in benzene (300 L, 0.11 M). The solution was flushed for five minutes with a gentle 
stream of argon, photolyzed for two minutes at ~25 °C in a Rayonet® chamber reactor 
equipped with twelve 350 nm light bulbs, and placed into the cavity of an ESR-spectrometer. 
The spectral data from trapping experiments using O-(tert-butyl) esters 1b–3b are 
summarized in Table 7. 
 
6 Intermolecular trapping with styrene and bromotrichloromethane 
A solution of 3-(tert-butoxy)thiazole-2(3H)thione 2b (208 mg, 1.02 mmol), styrene 
(2.22 g, 21.3 mmol, c0 = 2.76 M), and bromotrichloromethane (1.00 mL, 10.0 mmol) in 
benzene (7.7 mL) was photolyzed at ~25 °C in a Rayonet® chamber reactor equipped with 
twelve 350 nm light bulbs, until the starting material was completely consumed (30 min, 
tlc). The solution was concentrated under reduced pressure to leave an oil, which was 
purified by chromatography (SiO2). Eluent used for chromatographic purification: 
ether/pentane = 1:50 (v/vͿ → ether/peŶtaŶe = ϭ:ϮϬ ;v/v). 2-Brom-2-phenyl-1-(2-methyl-2-
propoxy)ethane (14). Yield: 69.3 mg (270 mol, 26 %), colorless oil. Rf = 0.65 [diethyl 
ether/pentane = 1:20 (v/v)].1H NMR (CDCl3, 400 MHz)  1.20 (s, 9 H), 3.80 (dd, J = 6.4, 10.4 
Hz, 1 H), 3.90 (dd, J = 7.3, 10.4 Hz, 1 H), 4.99 (t, J = ϲ.ϴ Hz, ϭ HͿ, ϳ.Ϯϵ−ϳ.ϯϵ ;ŵ, ϯ HͿ, ϳ.ϰϭ−ϳ.ϰϲ 
(m, 2 H). 13C NMR (CDCl3, 100.6 MHz)  27.5, 53.5, 67.0, 73.8, 127.9, 128.4, 128.5, 139.6. 
GC/MS (EI) m/z (%): 16.22 min/ 258 (M+, <1), 185 (16), 183 (17), 147 (46), 120 (19), 104 (64), 
103 (30), 91 (56), 78 (19), 77 (17), 65 (13), 57 (100). Anal. Calcd. for C12H17OBr (257.17): C, 
56.05; H, 6.66; Found: C, 56.18; H, 6.60. 
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A1 General Remarks: (i) Numbering of compounds in the Electronic Supporting 
Information and the accompanying publication are consistent. (ii) References refer 
exclusively to the Electronic Supporting Information.  
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A2 Instrumentation 
A2.1 NMR-spectroscopy: Proton- and carbon-13-NMR spectra were measured with FT-
NMR DPX 200, DPX 400 and DMX 600 instruments (Bruker). Chemical shifts refer to the δ-
scale. Proton resonances of residual non-deuterated solvent molecules (H 7.26 for CDCl3; H 
7.16 for benzene; H 2.50 for DMSO), and carbon-13 chemical shifts of CDCl3 (C 77.0), C6D6 
(C 128.06), and DMSO-d6 (C 39.52) served as internal standards. 
A2.2 Electron impact mass spectrometry: Mass spectra (EI, 70 eV) were recorded with a 
Mass Selective Detector HP 6890 (Hewlett Packard). 
A2.3 High resolution mass spectrometry were measured with a GCT Premier Micromass 
instrument (Waters). 
A2.4 Optical rotations of chiral compounds at  = 589 nm were recorded with a Krüss 
P3001/RS-polarimeter and a Perkin-Elmer polarimeter type 241 (1 = 546 nm und 2 = 579 
nm), and extrapolated using the Drude equation.[1] 
A2.5 UV/Vis-spectra were recorded in 1-cm quartz cuvettes with a Cary 100 Conc UV/Vis 
spectrophotometer (Varian). 
A2.6 Combustion analyses were performed with a Carlo Erba 1106 instrument (analytical 
laboratory, Universität Würzburg) and a vario Micro cube (analytical laboratory, Technische 
Universität Kaiserslautern). 
A2.7 Melting points [°C] were determined on a Koffler hot-plate melting point microscope 
(Reichert) and are not corrected. 
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A3  Reagents and Chromatography 
A3.1 Reagents: Benzene, dimethyl formamide, dichloromethane, tetrahydrofuran and 
diethyl ether were purified and dried according to standard procedures.[2] All other reagents 
were used as received from commercial suppliers (Sigma Aldrich, Acros Organics, Fisher 
Scientific, Merck), unless otherwise indicated. 3-Hydroxy-4-methylthiazole-2(3H)-thione,
[3] 3-
hydroxy-4-methylthiazole-2(3H)-thione tetraethylammonium salt,[4] isopropyltriphenyl-
phosphonium bromide,[5] diethyl azodicarboxylate (DEAD),[6] trans-hexahydrophthalic acid 
anhydride[ϳ‒ϵ] were prepared according to published procedures. 
 
A3.2 Thin layer chromatography: Reaction progress was monitored via thin layer 
chromatography (tlc) on aluminum sheets coated with silica gel (60 F254, Merck). 
Compounds on developed tlc-sheets were detected with the aid of the UV-VIS indicator 
commercially disposed on the sheets, showing colored or darker spots by illuminating 
devloped sheets with a hand lamp emitting 254 nm light. Alternatively, developed tlc-sheets 
were stained by Ekkert´s reagent and subsequently heated, leading to blue-green spots for 
organobromines, blue spots for alcohols and yellow spots for 3-alkenoxy-4-methylthiazole-
2(3H)-thiones (e.g. 1). 
 
A3.3 Column chromatography: Geduran Si60-silica gel (40–63 m) served as stationary 
phase for column chromatography (flash chromatography). 
 
A3.4 Gas chromatography coupled to mass spectrometry: Mass spectra (EI, 70 eV) were 
recorded with a Mass Selective Detector HP 6890 (Hewlett Packard) connected to an 
Agilent-gaschromatograph. 
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A4  Alkenols 
A4.1 trans-2-(Prop-2-en-1-yl)-cyclopentan-1-ol was prepared from cyclopentene oxide 
and 2-propen-1-yl magnesium bromide.[ϭϬ‒ϭϮ] 1H-NMR (CDCl3, 400 MHz)  1.15–1.29 (m, 1 H), 
1.49–1.64 (m, 2 H), 1.66–1.84 (m, 2 H), 1.85–1.97 (m, 2 H), 2.03 (dt, Jd = 13.9 Hz, Jt =7.1 Hz, 1 
H), 2.18 (dt, Jd = 14.0 Hz, Jt = 6.9 Hz, 1 H), 3.86 (q, J = 5.5 Hz, 1 H), 4.95–5.13 (m, 2 H), 5.77–
5.93 (m, 1 H). The spectrum showed no resonance for the hydroxyl proton. 13C-NMR (CDCl3, 
100 MHz)  21.6, 29.7, 34.3, 38.1, 47.6, 78.7, 115.6, 137.6. 
 
A4.2 cis-2-(Prop-2-en-1-yl)-cyclopentan-1-ol. A solution of p-nitrobenzoic acid (7.35 g, 
44.0 mmol), trans-2-(prop-2-en-1-yl)-cyclopentan-1-ol (2.06 g, 16.3 mmol), and triphenyl-
phosphine (12.9 g, 49.0 mmol) in benzene (80 mL) was treated in a dropwise manner with 
diethyl azodicarboxylate (DEAD, 8.83 g, 49.0 mmol). The reaction mixture was stirred for 
four hours at 21 °C. The solvent was removed under reduced pressure to leave an oil, which 
was purified by column chromatography [diethyl ether/pentane = 1:20 (v/v)]. cis-2-(Prop-2-
en-1-yl)cyclopent-1-yl 4-nitrobenzoate (3.58 g, 13.0 mmol, 80 %), yellowish liquid. Rf = 0.22 
for diethyl ether/pentane = 1:20 (v/v). 1H-NMR (CDCl3, 600 MHz)  1.53–1.61 (m, 1 H), 1.64–
1.73 (m, 1 H), 1.83–1.90 (m, 2 H), 1.91–1.98 (m, 1 H), 2.02–2.12 (m, 2 H), 2.16 (dt, Jd = 14.2, 
Jt = 7.3 Hz, 1 H), 2.31 (dt, Jd = 13.9, Jt = 7.0 Hz, 1 H), 4.92–5.01 (m, 2 H), 5.45 (t, J = 4.8 Hz, 1 
H), 5.80 (ddt, Jd = 17.0, 10.1, Jt = 7.0 Hz, 1 H), 8.17–8.20 (m, 2 H), 8.27–8.31 (m, 2 H). 13C-
NMR (CDCl3, 150 MHz)  22.0, 29.6, 32.5, 33.9, 44.3, 79.5, 115.6, 123.5, 130.5, 136.2, 137.1, 
150.4, 164.2. Anal. Calcd. for C15H17NO4 (275.31): C, 65.44; H, 6.22; N, 5.09; Found: C, 65.21; 
H, 6.30; N, 5.01. cis-2-(Prop-2-en-1-yl)cyclopent-1-yl 4-nitrobenzoate (3.44 g, 12.5 mmol) 
was dissolved in a solution of tetrahydrofuran/methanol [1:1 (v/v) (10 mL)] and cooled to 0 
°C (ice bath). A solution of potassium hydroxide in methanol/water [1:1 (v/v) (1 M, 14 mL)] 
was added in one portion to the solution of the benzoate, while beeing cooled with an ice 
bath to 0 °C. The resulting mixture was stirred for ninety minutes at 22 °C. Dichloromethane 
(50 mL) was added and the resulting mixture was washed with a saturated aqueous solution 
sodium hydrogen carbonate (25 mL) and subsequently with brine (25 mL). The organic 
solvent was removed under reduced pressure (600 mbar/40 °C) to leave an oil, which was 
purified by chromatography [diethyl ether/pentane = 1:2 (v/v)]. Yield 1.19 g (9.43 mmol, 
75%), colorless liquid. Rf = 0.32 for diethyl ether/pentane = 1:2 (v/v).
 1H-NMR (CDCl3, 400 
MHz)  1.30–1.46 (m, 2 H), 1.51–1.69 (m, 2 H), 1.69–1.90 (m, 4 H), 2.10–2.20 (m, 1 H), 2.21–
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2.32 (m, 1 H), 4.12–4.21 (m, 1 H), 4.95–5.11 (m, 2 H), 5.87 (ddt, Jd = 17.1, 10.2, Jt = 6.9Hz, 1 
H). 13C-NMR (CDCl3, 100 MHz)  21.9, 28.7, 33.7, 34.6, 45.2, 74.5, 115.0, 138.2. Anal. Calcd. 
for C8H14O4 (126.20): C, 76.14; H, 11.28; Found: C, 75.72; H, 11.23. 
 
A4.3 trans-2-(3-Methylbut-2-en-1-yl)-cyclopentan-1-ol was prepared from cyclopentan-
oŶe, folloǁiŶg the proĐedure of “treiŶz aŶd Roŵaňuk.[13] Separation of cis- and trans-
cyclopentanols was achieved by column chromatography, using diethyl ether/pentane = 1:3 
(v/v) as eluent. cis-2-(3-methylbut-2-en-1-yl)-cyclopentan-1-ol. Rf = 0.31. trans-2-(3-
methylbut-2-en-1-yl)-cyclopentan-1-ol. Rf = 0.19. 
1H-NMR (CDCl3, 400 MHz)  1.20 (dq, Jd = 
12.6, Jq = 7.9 Hz, 1 H), 1.48–1.64 (m, 5 H), 1.65–1.78 (m, 5 H), 1.82–1.99 (m, 3 H), 2.04–2.16 
(m, 1 H), 3.83 (q, J = 5.8 Hz, 1 H), 5.18 (t, J = 7.2 Hz, 1 H). The spectrum showed no resonance 
for the hydroxyl proton. 13C-NMR (CDCl3, 100 MHz)  17.8, 21.6, 25.8, 29.7, 31.9, 34.2, 48.6, 
78.8, 123.0, 132.5. 
 
A4.4 trans-2-(Prop-2-en-1-yl)-cyclohexan-1-ol was prepared from cyclohexene oxide and 
2-propen-1-yl magnesium bromide, according to the method described by Chandrasekaran 
and co-workers.[10,14,15] 1H-NMR (CDCl3, 400 MHz)  0.85–1.02 (m, 1 H), 1.09–1.40 (m, 4 H), 
1.57–1.82 (m, 4 H), 1.88–2.04 (m, 2 H), 2.37–2.52 (m, 1 H), 3.26 (td, Jt = 9.8, Jd = 4.5 Hz, 1 H), 
4.97–5.11 (m, 2 H), 5.85 (ddt, Jd = 17.2, 10.0, Jt = 7.3 Hz, 1 H). 13C-NMR (CDCl3, 100 MHz)  
24.9, 25.5, 30.4, 35.5, 37.5, 44.9, 74.6, 116.0, 137.5. 
 
A4.5 cis-2-(Prop-2-en-1-yl)-cyclohexan-1-ol was prepared from trans-2-(prop-2-en-1-yl)-
cyclohexan-1-ol[15] (317 mg, 2.26 mmol) by inverting the configuration at the hydroxyl 
carbon, according to the procedure described in section 4.2. Reaction time: one hour. Eluent 
for column chromatography [diethyl ether/pentane = 1:10 (v/v), Rf = 0.47]. cis-2-(Prop-2-en-
1-yl)-cyclohexan-1-yl 4-nitrobenzoate: 410 mg (1.42 mmol, 63 %), colorless crystals. M.p. 62–
64 °C. 1H-NMR (CDCl3, 600 MHz)  1.32–1.41 (m, 1 H), 1.49–1.61 (m, 4 H), 1.66–1.76 (m, 2 
H), 1.77–1.83 (m, 1 H), 1.99–2.09 (m, 2 H), 2.09–2.16 (m, 1 H), 4.94 (d, J = 17.1 Hz, 1 H), 4.98 
(d, J = ϭϬ.ϭ Hz, ϭ HͿ, ϱ.Ϯϴ‒ϱ.ϯϯ ;ŵ, ϭ HͿ, ϱ.ϳϲ ;ddt, Jd = 17.1, 10.1, Jt = 7.0, Hz, 1 H), 8.22 (d, J = 
9.2 Hz, 2 H), 8.31 (d, J = 9.2 Hz, 2 H). 13C-NMR (CDCl3, 63 MHz)  21.0, 25.0, 27.4, 30.1, 36.9, 
40.2, 74.0, 116.4, 123.6, 130.6, 136.2, 136.3, 150.4, 164.0. Anal. Calcd. for C16H19NO4 
(289.33): C, 66.42; H, 6.62; N, 4.84; Found: C, 66.55; H, 6.73; N, 4.86. cis-2-(Prop-2-en-1-yl)-
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cyclohexan-1-ol
 1H-NMR (CDCl3, 400 MHz)  1.15–1.27 (m, 1 H), 1.28–1.69 (m, 8 H), 1.70–
1.79 (m, 1 H), 1.98 (dt, J = 14.1, 7.2 Hz, 1 H), 2.14 (dt, J = 14.0, 7.0 Hz, 1 H), 3.80–3.90 (m, 1 
H), 4.92–5.06 (m, 2 H), 5.78 (ddt, J = 17.1, 10.0, 7.2, 7.2 Hz, 1 H). 13C-NMR (CDCl3, 100 MHz)  
20.4, 25.0, 26.3, 32.9, 36.5, 41.2, 69.0, 115.6, 137.4. Anal. Calcd. for C9H16O4 (140.22): C, 
77.09; H, 11.50; Found: C, 76.90; H, 11.59. 
 
A4.6  cis-[2-(Ethenyl)-cyclohex-1-yl]-methanol
[16] was prepared from cis-8-oxabicyclo-
[4.3.0]nonan-7-ol, obtained by the method of Lambert and co-workers as single 
diastereomer, and subsequent Wittig-alkenylation. 1H-NMR (CDCl3, 400 MHz)  1.27–1.81 
(m, 10 H), 2.48 (dq, Jd = 8.6, Jq = 4.1 Hz, 1 H), 3.36–3.58 (m, 2 H), 4.97–5.15 (m, 2 H), 6.05 
(ddd, J = 17.1, 10.2, 8.9 Hz, 1 H). 13C-NMR (CDCl3, 100 MHz)  22.3, 25.0, 25.2, 30.9, 41.0, 
42.5, 65.5, 115.1, 139.3.  
 
A4.7 trans-[2-(Ethenyl)-cyclohex-1-yl]-methanol. A solution of trans-1,2-cyclohexane-
dicarboxylic acid anhydride (5.00 g, 32.4 mmol) in tetrahydrofuran (15 mL) was added in a 
dropwise manner to a suspension of sodium borohydride (2.49 g, 65.8 mmol) in 
tetrahydrofuran (75 mL) at 0 °C. The reaction mixture was stirred for three hours in an ice 
bath, which was allowed to thaw (temperature of the ice bath after 3 hours: 15 °C). This 
mixture was cooled to 0 °C and slowly treated with methanol (10 mL). The rate of methanol 
addition thereby is crucial to prevent extensive gas evolution. The likewise obtained mixture 
was concentrated under reduced pressure (300 mbar/ 40 °C) to leave a residue, which was 
taken up in a mixture of brine (100 mL) and ethyl acetate (65 mL), and cooled to 0 °C. An 
aqueous 2 M solution of hydrochloric acid (32 mL, 64 mmol) was added to this mixture at 
0 °C. The phases were separated. The cold aqueous layer was extracted rapidly with ethyl 
acetate (3 × 50 mL). Combined organic layers were washed with brine (70 mL) and 
concentrated under reduced pressure (200 mbar/ 40 °C) to leave a colorless solid (4.31 g, 
27.2 mmol, 84 %), which was recrystallized from ethyl acetate (20 mL). trans-2-
(Hydroxymethyl)-cyclohexanecarboxylic acid.
[17,18] Yield 3.33 g (21.0  mmol, 65 %), colorless 
crystals. M.p. 99–100 °C. 1H-NMR (DMSO-d6, 600 MHz)  0.94–1.04 (m, 1 H), 1.11–1.23 (m, 2 
H), 1.28–1.37 (m, 1 H), 1.56 (tdt, Jt = 11.0, 3.8, Jd = 7.2 Hz, 1 H), 1.66 (d, J = 9.2 Hz, 2 H), 1.81 
(d, J = 12.1 Hz, 2 H), 1.97 (td, Jt = 11.4, Jd = 3.7 Hz, 1 H), 3.16 (dd, J = 10.3, 7.0 Hz, 1 H), 3.34 
(dd, J = 10.3, 4.0 Hz, 1 H), 4.34 (br. s., 1 H), 11.95 (br. s., 1 H). 13C-NMR (DMSO-d6, 150 MHz) 
ANHANG A 143 
 25.0, 25.1, 28.1, 29.5, 41.0, 45.3, 64.1, 176.8. Anal. Calcd. for C8H14O3 (158.20): C, 60.74; H, 
8.92; Found: C, 60.44; H, 9.22. trans-2-(Hydroxymethyl)-cyclohexanecarboxylic acid was 
treated with a catalytic amount of p-toluenesulfonic acid monohydrate to afford trans-8-
oxabicyclo[4.3.0]nonan-7-one,[8,19] which was reduced with DIBAL-H to furnish trans-8-
oxabicyclo[4.3.0]nonan-7-ol[16] as mixture of the hydroxyaldehyde and stereoisomeric 
lactols. Lactol – major stereoisomer. 1H-NMR (CDCl3, 400 MHz)  0.95–2.04 (m, 9 H), 3.31 
(dd, J = ϭϬ.ϴ, ϳ.ϴ Hz, ϭ HͿ, ϯ.ϰϯ‒ϯ.ϰϱ ;ŵ, ϭ HͿ, ϰ.Ϭϵ (t, J = 7.3 Hz, 1 H), 5.30 (t, J = 4.0 Hz, 1 H). 
The spectrum displayed no resonance for the hydroxyl proton. 13C-NMR (CDCl3, 100 MHz)  
24.8, 25.5, 25.6, 28.1, 40.4, 49.5, 72.5, 98.3. Lactol – minor stereoisomer. 1H-NMR (CDCl3, 
400 MHz)  0.95–2.04 (m, 9 H), 3.58 (dd, J = 11.0, 7.6 Hz, 1 H), 3.90 (t, J = 7.0 Hz, 1 H), 4.04–
4.07 (m, 1 H), 5.07 (dd, J = 7.1, 5.9 Hz, 1 H). The spectrum displayed no resonance for the 
hydroxyl proton.13C-NMR (CDCl3, 100 MHz)  25.5, 25.6, 26.5, 27.4, 44.4, 52.3, 71.4, 102.5. 
Hydroxyaldehyde. 1H-NMR (CDCl3, 400 MHz)  0.95–2.04 (m, 10 H), 3.42–3.49 (m, 1 H), 3.55–
3.60 (m, 1 H), 9.58 (d, J = 7.1, 5.9 Hz, 1 H). The spectrum displayed no resonance for the 
hydroxyl proton. 13C-NMR (CDCl3, 100 MHz)  24.8, 24.9, 25.8, 27.7, 39.9, 53.6, 66.6, 205.4. 
Wittig-alkenylation of trans-8-oxabicyclo[4.3.0]nonan-7-ol[16] in extension to the method 
described for the cis-isomer[16] in section 4.6 furnished trans-[2-(ethenyl)-cyclohex-1-yl]-
methanol. 1H-NMR (CDCl3, 400 MHz)  0.98–1.37 (m, 5 H), 1.52–1.87 (m, 6 H), 3.43 (dd, J = 
11.0, 5.8 Hz, 1 H), 3.60 (dd, J = 10.9, 4.7 Hz, 1 H), 4.95 (dd, J = 10.1, 2.0 Hz, 1 H), 5.03 (dd, J = 
17.2, 2.0 Hz, 1 H), 5.70 (dt, Jd = 17.2, Jt = 9.6 Hz, 1 H). 
13C-NMR (CDCl3, 100 MHz)  25.7, 25.8, 
29.1, 33.4, 44.3, 45.9, 67.1, 114.0, 143.8. Anal. Calcd. for C9H16O (140.22): C, 77.09; H, 11.50; 
Found: C, 76.54; H, 11.56. 
 
A4.8 cis-[2-(Methylprop-1-en-1-yl)-cyclohex-1-yl]-methanol was prepared in extension to 
the method described by Lambert[16] for cis-[2-(ethenyl)-cyclohex-1-yl]-methanol. In an 
atmosphere of nitrogen, isopropyltriphenylphosphonium bromide (2.90 g, 7.53 mmol) was 
suspended in dry tetrahydrofuran (30 mL) and cooled to 0 °C. n-Butyl lithium (4.7 mL, 7.52 
mmol, 1.6 M in hexane) was added to this mixture in one portion at 0 °C. The resulting deep 
red-colored suspension was stirred for two and a half hours at 21 °C. Meanwhile cis-8-
oxabicyclo[4.3.0]nonan-7-ol, was dissolved in dry tetrahydrofuran (20 mL) and treated at –
78 °C with a solution of n-butyl lithium (3.0 mL, 4.8 mmol) in hexane (1.6 M). The reaction 
mixture was afterwards allowed to warm for three minutes to 0 °C, and was then cooled to 
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–78 °C again. To this mixture was added in a dropwise manner the solution of 2-propylidene 
triphenylphosphine in tetrahydrofuran within twenty-five minutes. The cooling bath was 
removed after complete addition of the phosphorous reagent, and the reaction mixture is 
allowed to warm to 21 °C. The reaction mixture was stirred for additional 5 hours at room 
temperature and then treated with a saturated aqueous ammonium chloride solution 
(40 mL) and water (40 mL). Phases were separated. The aqueous layer was extracted with 
diethyl ether (2 × 20 mL). Combined organic layers were washed with brine (60 mL) and 
concentrated under reduced pressure (800 mbar/ 40 °C) to afford an oily residue, which was 
purified by chromatography [diethyl ether/pentane = 1:1 (v/v)]. Yield: 679 mg (4.03 mmol, 
80 %) colorless oil. Rf = 0.39 for diethyl ether/pentane = 1:1 (v/v). 
1H-NMR (CDCl3, 400 MHz) 
 1.26–1.38 (m, 2 H), 1.40–1.57 (m, 6 H), 1.64 (d, J = 1.2 Hz, 3 H), 1.67–1.75 (m, 2 H), 1.71 (d, 
J = 0.9 Hz, 3 H), 2.65–2.73 (m, 1 H), 3.38–3.48 (m, 2 H), 5.35 (dt, Jd = 10.1, Jt = 1.2 Hz, 1 H). 
13C-NMR (CDCl3, 100 MHz)  17.8, 22.1, 24.7, 25.3, 26.2, 31.7, 34.4, 43.0, 66.1, 124.1, 132.2. 
Anal. Calcd. for C11H20O (168.28): C, 78.51; H, 11.98; Found: C, 78.26; H, 11.88. 
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A4.9 trans-[2-(Methylprop-1-en-1-yl)-cyclohex-1-yl]-methanol was prepared according to 
the procedure outlined in section 4.7 for the cis-isomer. 1H-NMR (CDCl3, 400 MHz)  1.00–
1.12 (m, 2 H), 1.19–1.32 (m, 3 H), 1.49–1.60 (m, 2 H), 1.63 (d, J = 1.6 Hz, 3 H), 1.67–1.83 (m, 
3 H), 1.63 (d, J = 1.6 Hz, 3 H), 1.98 (qd, Jq = 10.5, Jd = 3.8 Hz, 1 H), 3.32–3.41 (m, 1 H), 3.56 
(dd, J = 10.8, 5.0 Hz, 1 H), 4.96–5.02 (m, 1 H). 13C-NMR (CDCl3, 100 MHz)  18.1, 25.8 (2C/ 
HMQC), 25.9, 29.3, 33.4, 40.1, 45.2, 67.8, 130.0, 131.2. Anal. Calcd. for C11H20O (168.28): C, 
78.51; H, 11.98; Found: C, 78.15; H, 12.07. 
 
A4.10 2-(1-Methylenecyclohex-2-yl)-ethan-1-ol was prepared from cyclohexanone 
according to the method reported by Segre[20] and Gream[21], and respective co-workers. 1H-
NMR (CDCl3, 400 MHz)  1.24–1.35 (m, 1 H), 1.40–1.58 (m, 4 H), 1.60–1.78 (m, 3 H), 1.85–
1.97 (m, 1 H), 1.98–2.09 (m, 1 H), 2.17–2.29 (m, 2 H), 3.66 (t, J = 6.6 Hz, 2 H), 4.60 (s, 1 H), 
4.66 (s, 1 H). 13C-NMR (CDCl3, 100 MHz)  23.9, 28.7, 33.9, 34.4, 35.0, 39.8, 61.4, 105.9, 
152.6. 
 
A4.11 (1-Methylcyclohex-1-en-4-yl)-methanol was prepared from 2-methylbuta-1,3-diene 
(isoprene) and methyl acrylate in a Diels-Alder-reaction as described by Inukai and Kasai[22], 
and reduction of O-methyl-(1-methylcyclohex-1-en-4-yl)-carboxylate by LiAlH4 according to 
Monti and co-workers.[23] 1H-NMR (CDCl3, 400 MHz)  1.15–1.35 (m, 1 H), 1.39 (s, 1 H), 1.61–
1.90 (m, 3 H), 1.65 (s, 3 H), 1.91–2.20 (m, 3 H), 3.41–3.63 (m, 2 H), 5.38 (br. s., 1 H). 13C-NMR 
(CDCl3, 100 MHz)  23.6, 25.6, 28.2, 29.5, 36.2, 67.9, 119.8, 134.1. 
 
A4.12 2-{(1S,4S,5R)-2,6,6-Trimethylbicyclo[3.1.1]hept-2-en-4-yl}-ethanol (verbenylethan-
ol) was prepared by converting (S)-cis-verbenol into 2-{(1S,4S,5R)-2,6,6-trimethyl-
bicyclo[3.1.1]hept-2-en-4-yl}-ethenyl ether[24,25] {[]D25 = 98.0 (c = 1.02/ethanol)}, followed 
by [1.3] sigmatropic rearrangement of the vinyl ether into 2-{(1S,4S,5R)-2,6,6-trimethyl-
bicyclo[3.1.1]hept-2-en-4-yl}-ethanal[26,27] {[]D25 = –74.6 (c = 1.03/ethanol)}, and reduction 
of this aldehyde as follows. A suspension of 2-{(1S,4S,5R)-2,6,6-trimethylbicyclo[3.1.1]hept-
2-en-4-yl}-ethanal (650 mg, 3.63 mmol), lithium aluminium hydride (207 mg, 5.50 mmol) 
and diethyl ether (20 mL) was stirred for one hour at 20 °C, and carefully hydrolyzed by an 
aqueous solution of 2 M hydrochloric acid (10 mL). After phase separation, the aqueous 
layer was extracted with diethyl ether (3 × 20 mL). The organic phases from the reaction 
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mixture and combined organic washings were combined and concentrated under reduced 
pressure to leave a residue, which was purified by chromatography [diethyl ether/pentane = 
1:1 (v/v), (Rf = 0.40)]. Yield: 480 mg (2.66 mmol, 73 %) colorless oil. []D25 = –85.8 (c = 
1.03/ethanol). 1H-NMR (CDCl3, 400 MHz)  0.85 (s, 3 H), 1.13 (d, J = 8.9 Hz, 1 H), 1.28 (s, 3 H), 
1.33–1.45 (m, 1 H), 1.49–1.61 (m, 1 H), 1.63–1.69 (m, 4 H), 1.89–1.99 (m, 2 H), 2.18 (dt, Jd = 
8.7, Jt = 5.7 Hz, 1 H), 2.31–2.42 (m, 1 H), 3.71 (t, J = 6.8 Hz, 2 H), 5.14 (br. s., 1 H). 13C-NMR 
(CDCl3, 100 MHz)  20.4, 22.9, 26.5, 27.9, 36.3, 36.6, 40.6, 45.1, 47.6, 61.3, 112.0, 144.8. 
Anal. Calcd. for C12H20O (180.29): C, 79.94; H, 11.18; Found: C, 79.95; H, 11.08. 
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A5 4-Toluenesulfonic Acid O-Esters from Alkenols 
A5.1 General method. A solution of an alkenol (1 mmol), 1.4-diazabicyclo[2.2.2]octane 
(DABCO, 2 mmol) in dichloromethane (2 mL) was cooled in an ice-bath to 0 °C and treated 
with 4-toluenesulfonyl chloride (1.5 mmol) in portions over a period of 5 min. The slurry was 
stirred for 2 hours at 20 °C and diluted with dichloromethane (8 mL) to afford a suspension 
which was washed with aqueous 2 M aqueous hydrochloric acid (10 mL) and a saturated 
aqueous solution of NaHCO3 (10 mL). The organic layer was separated, dried (MgSO4), and 
concentrated under reduced pressure. The remaining oil was purified by chromatography 
(SiO2). 
 
A5.2 trans-[2-(Prop-2-en-1-yl)-cyclopent-1-yl] 4-toluenesulfonate[28] was prepared from 
trans-2-(prop-2-en-1-yl)cyclopentan-1-ol (545 mg, 4.32 mmol) according to procedure 5.1. 
Eluent used for chromatographic purification: diethyl ether/pentane = 1:3 (v/v). Yield: 1.16 g 
(4.14 mmol, 96 %), colorless liquid. Rf = 0.53 for diethyl ether/pentane = 1:3 (v/v). 
1H-NMR 
(CDCl3, 400 MHz)  1.13–1.23 (m, 1 H), 1.52–1.64 (m, 1 H), 1.64–1.73 (m, 1 H), 1.74–1.81 (m, 
2 H), 1.81–1.92 (m, 2 H), 1.99–2.14 (m, 2 H), 2.44 (s, 3 H), 4.48–4.57 (m, 1 H), 4.84–4.94 (m, 
2 H), 5.48–5.67 (m, 1 H), 7.33 (d, J = 8.3 Hz, 2 H), 7.78 (d, J = 8.3 Hz, 2 H). 13C-NMR (CDCl3, 
150 MHz)  21.6, 22.2, 28.9, 31.9, 36.8, 45.1, 88.4, 116.3, 127.8, 129.7, 134.3, 135.9, 144.4. 
Anal. Calcd. for C15H20O3S (280.38): C, 64.26; H, 7.19; S, 11.43; Found: C, 64.42; H, 7.02; S, 
11.36.  
 
A5.3 cis-[2-(Prop-2-en-1-yl)-cyclopent-1-yl] 4-toluenesulfonate was prepared from cis-2-
(prop-2-en-1-yl)cyclopentan-1-ol (1.05 g, 8.32 mmol) according to procedure 5.1. Eluent 
used for chromatographic purification: diethyl ether/pentane = 1:3 (v/v). Yield: 1.87 g 
(6.69 mmol, 80 %), colorless liquid. Rf = 0.49 for diethyl ether/pentane = 1:3 (v/v). 
1H-NMR 
(CDCl3, 400 MHz)  1.34–1.47 (m, 1 H), 1.51–1.61 (m, 1 H), 1.69–1.91 (m, 5 H), 1.98–2.09 (m, 
1 H), 2.11–2.20 (m, 1 H), 2.44 (s, 3 H), 4.86–4.97 (m, 3 H), 5.59–5.72 (m, 1 H), 7.33 (d, J = 8.0 
Hz, 2 H), 7.78 (d, J = 8.4 Hz, 2 H). 13C-NMR (CDCl3, 100 MHz)  21.4, 21.6, 28.6, 32.5, 33.3, 
45.0, 86.8, 115.6, 127.7, 129.7, 134.5, 136.8, 144.4. Anal. Calcd. for C15H20O3S (280.38): C, 
64.26; H, 7.19; S, 11.43; Found: C, 64.37; H, 7.03; S, 11.49. 
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A5.4 trans-[2-(3-Methylbut-2-en-1-yl)-cyclopent-1-yl] 4-toluenesulfonate was prepared 
from 2-(3-methylbut-2-en-1-yl)-cyclopentan-1-ol (2.00 g, 13.0 mmol) according to procedure 
5.1. Eluent used for chromatographic purification: diethyl ether/pentane = 1:5 (v/v). Yield: 
2.76 g (8.95 mmol, 69 %), colorless liquid. Rf = 0.36 for diethyl ether/pentane = 1:5 (v/v). 
1H-
NMR (CDCl3, 600 MHz)  1.13–1.20 (m, 1 H), 1.50 (s, 3 H), 1.55–1.64 (m, 1 H), 1.63 (s, 3 H), 
1.65–1.72 (m, 1 H), 1.72–1.77 (m, 1 H), 1.77–1.81 (m, 2 H), 1.82–1.89 (m, 1 H), 1.93 (dt, Jd = 
14.3, Jt = 7.1 Hz, 1 H), 1.98–2.05 (m, 1 H), 2.44 (s, 3 H), 4.49–4.53 (m, 1 H), 4.89 (s, 1 H), 7.33 
(d, J = 8.5 Hz, 2 H), 7.78 (d, J = 8.5 Hz, 2 H). 13C-NMR (CDCl3, 100 MHz)  17.7, 21.6, 22.2, 
25.7, 29.0, 30.9, 32.0, 46.0, 88.8, 121.7, 127.8, 129.7, 133.0, 134.4, 144.3. Anal. Calcd. for 




 was prepared from 
trans-2-(prop-2-en-1-yl)-cyclohexan-1-ol (3.82 g, 27.2 mmol) according to procedure 5.1. 
Eluent used for chromatographic purification: diethyl ether/pentane = 1:3 (v/v). Yield: 6.72 g 
(22.8 mmol, 84 %), colorless liquid. Rf = 0.52 for diethyl ether/pentane = 1:3 (v/v). 
1H-NMR 
(CDCl3, 400 MHz)  0.91–1.00 (m, 1 H), 1.14 (qt, Jq = 12.4, Jt = 3.5 Hz, 1 H), 1.24 (qt, Jq = 12.6, 
Jt = 3.4 Hz, 1 H), 1.40–1.48 (m, 1 H), 1.51–1.61 (m, 2 H), 1.66–1.75 (m, 2 H), 1.81–1.87 (m, 1 
H), 1.95–2.01 (m, 1 H), 2.26–2.32 (m, 1 H), 2.44 (s, 3 H), 4.26 (td, Jt = 10.0, Jd = 4.4 Hz, 1 H), 
4.90–4.99 (m, 2 H), 5.61 (dddd, J = 17.0, 10.3, 7.9, 6.5 Hz, 1 H), 7.33 (d, J = 7.9 Hz, 2 H), 7.80 
(d, J = 8.2 Hz, 2 H). 13C-NMR (CDCl3, 100 MHz)  21.6, 24.3, 24.4, 29.7, 32.5, 36.1, 41.8, 85.6, 
116.7, 127.6, 129.7, 134.7, 135.7, 144.4. Anal. Calcd. for C16H22O3S (294.41): C, 65.27; H, 
7.53; S, 10.89; Found: C, 65.23; H, 7.52; S, 10.95. 
 
A5.6 cis-[2-(Prop-2-en-1-yl)-cyclohexyl-1-yl 4-toluenesulfonate was prepared from cis-2-
(prop-2-en-1-yl)-cyclohexan-1-ol (990 mg, 7.06 mmol) according to procedure 5.1. Eluent 
used for chromatographic purification: diethyl ether/pentane = 1:3 (v/v). Yield: 1.81 g 
(6.15 mmol, 87 %), colorless liquid. Rf = 0.46 for diethyl ether/pentane = 1:3 (v/v). Eluent 
used for chromatographic purification: diethyl ether/pentane = 1:3 (v/v), Rf = 0.46. 
1H-NMR 
(CDCl3, 400 MHz)  1.16–1.27 (m, 1 H), 1.30–1.44 (m, 3 H), 1.46–1.55 (m, 3 H), 1.61–1.68 (m, 
1 H), 1.84–2.02 (m, 3 H), 2.44 (s, 3 H), 4.77 (br. s., 1 H), 4.89–4.96 (m, 2 H), 5.62 (ddt, Jd = 
17.2, 10.1, Jt = 7.1 Hz, 1 H), 7.32 (d, J = 8.2 Hz, 2 H), 7.80 (d, J = 8.2 Hz, 2 H). 
13C-NMR (CDCl3, 
100 MHz)  20.3, 21.6, 24.4, 26.3, 30.6, 30.0, 40.9, 82.5, 116.4, 127.6, 129.6, 134.8, 136.2, 
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144.3. Anal. Calcd. for C16H22O3S (294.41): C, 65.27; H, 7.53; S, 10.89; Found: C, 65.48; H, 
7.38; S, 10.95. 
 
A5.7 trans-[2-(Ethenyl)-cyclohex-1-yl]-methyl 4-toluenesulfonate[29] was prepared from 
trans-[2-(ethenyl)-cyclohex-1-yl]-methanol (365 mg, 2.60 mmol) according to procedure 5.1. 
Eluent used for chromatographic purification: diethyl ether/pentane = 1:3 (v/v). Yield: 
682 mg (2.32 mmol, 89 %), colorless liquid. Rf = 0.52 for diethyl ether/pentane = 1:3 (v/v). 
1H-NMR (CDCl3, 600 MHz)  1.04–1.25 (m, 4 H), 1.42 (tdt, Jt = 11.1, 3.4, Jd = 7.1, 1 H), 1.64–
1.75 (m, 3 H), 1.77–1.85 (m, 2 H), 2.46 (s, 3 H), 3.82 (dd, J = 9.4, 6.7 Hz, 1 H), 4.05 (dd, J = 9.4, 
3.2 Hz, 1 H), 4.86–4.93 (m, 2 H), 5.49 (ddd, J = 17.0, 10.3, 9.1 Hz, 1 H), 7.35 (d, J = 8.2 Hz, 2 
H), 7.78 (d, J = 8.2 Hz, 2 H). 13C-NMR (CDCl3, 100 MHz)  21.6, 25.4 (2C/ HMQC), 28.8, 33.2, 
41.0, 44.1, 73.6, 115.1, 127.9, 129.7, 133.1, 141.5, 144.5. Anal. Calcd. for C16H22O3S (294.41): 
C, 65.27; H, 7.53; S, 10.89; Found: C, 65.38; H, 7.47; S, 10.82. 
 
A5.8 cis-[2-(Ethenyl)-cyclohex-1-yl]-methyl 4-toluenesulfonate was prepared from cis-[2-
(ethenyl)-cyclohexan-1-yl]-methanol (365 mg, 2.60 mmol) according to procedure 5.1. 
Eluent used for chromatographic purification: diethyl ether/pentane = 1:3 (v/v). Yield: 
682 mg (2.32 mmol, 89 %), colorless liquid. Rf = 0.52 for diethyl ether/pentane = 1:3 (v/v). 
1H-NMR (CDCl3, 400 MHz)  1.15–1.34 (m, 2 H), 1.36–1.55 (m, 5 H), 1.57–1.66 (m, 1 H), 1.90 
(dtt, Jd = 10.5, Jt = 7.2, 3.8 Hz, 1 H), 2.37–2.46 (m, 4 H), 3.75–3.88 (m, 2 H), 4.89–4.99 (m, 2 
H), 5.75–5.90 (m, 1 H), 7.32 (d, J = 7.8 Hz, 2 H), 7.76 (d, J = 8.3 Hz, 2 H). 13C-NMR (CDCl3, 100 
MHz)  21.6, 21.8, 24.4, 24.6, 30.4, 39.0, 40.2, 72.5, 116.3, 127.8, 129.7, 133.1, 137.1, 144.5. 
Anal. Calcd. for C16H22O3S (294.41): C, 65.27; H, 7.53; S, 10.89; Found: C, 65.24; H, 7.52; S, 
10.92. 
 
A5.9 trans-[2-(Methylprop-1-en-1-yl)-cyclohex-1-yl]-methyl 4-toluenesulfonate was 
prepared from trans-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-methanol (1.54 g, 9.15 mmol) 
according to procedure 5.1. Eluent used for chromatographic purification: diethyl 
ether/pentane = 1:5 (v/v). Yield: 2.73 g (8.46 mmol, 92 %), colorless liquid. Rf = 0.41 for 
Eluent used for chromatographic purification: diethyl ether/pentane = 1:5 (v/v), Rf = 0.41 
diethyl ether/pentane = 1:5 (v/v) . 1H-NMR (CDCl3, 400 MHz)  0.97–1.12 (m, 2 H), 1.13–1.23 
(m, 2 H), 1.26–1.37 (m, 1 H), 1.51 (d, J = 1.5 Hz, 3 H), 1.54–1.62 (m, 1 H), 1.60 (d, J = 1.5 Hz, 3 
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H), 1.63–1.73 (m, 2 H), 1.74–1.80 (m, 1 H), 1.90–2.00 (m, 1 H), 2.44 (s, 3 H), 3.75 (dd, J = 9.3, 
6.8 Hz, 1 H), 3.97 (dd, J = 9.2, 3.1 Hz, 1 H), 4.71–4.76 (m, 1 H), 7.33 (d, J = 8.1 Hz, 2 H), 7.75 
(d, J = 8.3 Hz, 2 H). 13C-NMR (CDCl3, 100 MHz)  18.0, 21.6, 25.5, 25.6, 25.7, 29.0, 33.2, 38.2, 
42.1, 73.9, 127.9, 128.2, 129.6, 132.0, 133.1, 144.4. Anal. Calcd. for C18H26O3S (322.46): C, 
67.05; H, 8.13; S, 9.94; Found: C, 66.79; H, 8.10; S, 9.96. 
 
A5.10 cis-[2-(Methylprop-1-en-1-yl)-cyclohex-1-yl]-methyl 4-toluenesulfonate was 
prepared from cis-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-methanol (631 mg, 3.75 mmol) 
according to procedure 5.1. Eluent used for chromatographic purification: diethyl 
ether/pentane = 1:1 (v/v). Yield: 1.10 g (3.40 mmol, 91 %), colorless liquid. Rf = 0.59 for 
diethyl ether/pentane = 1:1 (v/v). 1H-NMR (CDCl3, 400 MHz)  1.17–1.31 (m, 2 H), 1.35–1.48 
(m, 5 H), 1.55 (s, 3 H), 1.59–1.69 (m, 1 H), 1.63 (s, 3 H), 1.87 (ddt, Jd = 10.8, 7.2, Jt = 3.5 Hz, 1 
H), 2.44 (s, 3 H), 2.56–2.69 (m, 1 H), 3.79 (d, J = 7.3 Hz, 2 H), 5.16 (d, J = 10.0 Hz, 1 H), 7.33 
(d, J = 8.1 Hz, 2 H), 7.75 (d, J = 8.1 Hz, 2 H). 13C-NMR (CDCl3, 100 MHz)  17.9, 21.59, 21.62, 
24.1, 24.8, 26.1, 31.4, 33.8, 39.7, 73.2, 122.4, 127.8, 129.7, 133.22, 133.23, 144.4. Anal. 
Calcd. for C18H26O3S (322.46): C, 67.05; H, 8.13; S, 9.94; Found: C, 67.10; H, 8.00; S, 9.87. 
 
A5.11 2-(1-Methylenecyclohex-2-yl)-eth-1-yl 4-toluenesulfonate[30] was prepared from 2-
(1-methylenecyclohex-2-yl)-ethan-1-ol (1.89 g, 13.5 mmol) according to procedure 5.1. 
Eluent used for chromatographic purification: diethyl ether/pentane = 1:3 (v/v). Yield: 3.80 g 
(12.9 mmol, 95 %), colorless liquid. Rf = 0.48 for diethyl ether/pentane = 1:3 (v/v). 
1H-NMR 
(CDCl3, 600 MHz)  1.16–1.24 (m, 1 H), 1.37–1.50 (m, 2 H), 1.52–1.67 (m, 4 H), 1.92–2.00 (m, 
2 H), 2.10–2.17 (m, 2 H), 2.45 (s, 3 H), 4.00–4.10 (m, 2 H), 4.42 (s, 1 H), 4.61 (s, 1 H), 7.34 (d, J 
= 8.2 Hz, 2 H), 7.78 (d, J = 8.2 Hz, 2 H). 13C-NMR (CDCl3, 150.9 MHz)  21.6, 23.8, 28.5, 31.1, 
33.4, 34.3, 38.9, 69.0, 106.4, 127.9, 129.8, 133.1, 144.7, 150. Anal. Calcd. for C16H22O3S 
(294.41): C, 65.27; H, 7.53; S, 10.89; Found: C, 65.52; H, 7.43; S, 10.76. 
 
A5.12 (1-Methylcyclohex-1-en-4-yl)-methyl 4-toluenesulfonate was prepared from 1-
(methylcyclohex-1-en-4-yl)-methanol (257 mg, 2.03 mmol) according to procedure 5.1. 
Eluent used for chromatographic purification: diethyl ether/pentane = 1:7 (v/v). Yield: 
493 mg (1.76 mmol, 86 %), colorless liquid. Rf = 0.25 for diethyl ether/pentane = 1:7 (v/v). 
1H-NMR (CDCl3, 400 MHz)  1.21–1.33 (m, 1 H), 1.54–1.77 (m, 2 H), 1.60 (s, 3 H), 1.81–2.09 
ANHANG A 151 
(m, 4 H), 2.45 (s, 3 H), 3.89 (d, J = 6.7 Hz, 2 H), 5.22–5.33 (m, 1 H), 7.34 (d, J = 8.2 Hz, 2 H), 
7.79 (d, J = 8.2 Hz, 2 H). 13C-NMR (CDCl3, 150 MHz)  21.6, 23.4, 25.0, 27.7, 28.8, 32.9, 74.4, 
118.9, 127.8, 129.8, 133.0, 134.0, 144.6. Anal. Calcd. for C15H20O3S (280.38): C, 64.26; H, 
7.19; S, 11.43; Found: C, 64.33; H, 6.85; S, 11.13.  
 
A5.13 2-{(1S,4S,5R)-2,6,6-Trimethylbicyclo[3.1.1]hept-2-en-4-yl}-ethyl 4-toluenesulfonate 
was prepared from 2-[{(1S,4S,5R)-2,6,6-trimethylbicyclo[3.1.1]hept-2-en-4-yl]}-ethan-1-ol 
(440 mg, 2.44 mmol) according to procedure 5.1. Eluent used for chromatographic 
purification: diethyl ether/pentane = 1:1 (v/v). Yield: 690 mg (2.06 mmol, 85 %), yellowish 
liquid. Rf = 0.71 for diethyl ether/pentane = 1:1 (v/v). []D25 = –38.9 (c = 1.01/ethanol). 1H-
NMR (CDCl3, 400 MHz)  0.78 (s, 3 H), 0.99–1.06 (m, 1 H), 1.23 (s, 3 H), 1.53–1.64 (m, 1 H), 
1.61 (s, 3 H), 1.64–1.79 (m, 2 H), 1.92 (t, J = 5.1 Hz, 1 H), 2.12 (dt, Jd = 8.9, Jt = 5.6 Hz, 1 H), 
2.23–2.31 (m, 1 H), 2.45 (s, 3 H), 4.03–4.14 (m, 2 H), 4.94 (br. s., 1 H), 7.35 (d, J = 8.2 Hz, 2 H), 
7.80 (d, J = 8.2 Hz, 2 H). 13C-NMR (CDCl3, 150.9 MHz)  20.4, 21.6, 22.9, 26.4, 27.7, 32.4, 35.9, 
40.7, 44.6, 47.5, 69.1, 118.8, 127.9, 129.8, 133.2, 144.6, 145.6. 
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A6 Bromocyclization with N-Bromosuccinimide 
A6.1 Bromocyclization of trans-2-(prop-2-en-1-yl)-cyclopentan-1-ol. A solution of trans-2-
(prop-2-en-1-yl)-cyclopentan-1-ol (126 mg, 1.00 mmol) in dichloromethane (5 ml) was 
treated at room temperature in small portions with N-bromosuccinimide (267 mg, 1.50 
mmol). The resulting suspension was stirred for 14 days at room temperature (~20 °C). 
Solids were filtrated off and the filtrate washed with an aqueous saturated solution of 
sodium thiosulfate (10 mL). The aqueous washing was extracted with petroleum ether (4  
20 mL). Combined organic layers were dried (MgSO4) and concentrated under reduced 
pressure to furnish a residue, which was purified by column chromatography on SiO2 as 
stationary phase and a 9/1-mixture (v/v) of petroleum ether/diethyl ether as eluent. 1,4-
trans-4,6-cis-4-Brom-2-oxabicyclo[4.3.0]nonane. Yield 40 mg (20 %), yellow oil, Rf = 0.59 
[petroleum ether /diethyl ether = 9/1 (v/v)]. 1H-NMR (CDCl3, 250 MHz):  = 1.07–1.31 (m, 1 
H), 1.36–1.81 (m, 6 H), 1.83–2.00 (m, 1 H), 2.49‒ Ϯ.ϲϴ ;ŵ, ϭ HͿ, ϯ.ϭϰ‒ϯ.Ϯϵ ;ŵ, ϭ HͿ, ϯ.ϱϱ ;t, 3J 
= 10.5 Hz, 1 H,), 3.99–4.20 (m, 2 H). 13C-NMR (CDCl3, 63 MHz)  19.6, 26.3, 28.0, 41.0, 45.5, 
46.1, 73.6, 83.9. MS (70 eV, EI) m/z (%) 205.1 (1) [M+], 124.1 (3), 111.1 (56), 67.0 (100). Anal. 
Calcd. for C8H13BrO (205.09): C, 46.85; H, 6.39; Found: C, 46.78; H, 6.25. 1,3-cis-1,5-trans-3-
Bromomethyl-2-oxabicyclo[3.3.0]-octane. trans-3b. Yield 17.9 mg (9 %), yellow oil, Rf = 0.49 
[petroleum ether/diethyl ether = 9/1 (v/v)]. 1H-NMR (CDCl3, 250 MHz)  1.12–1.27 (m, 1 H), 
1.42–1.54 (m, 1 H), 1.61–1.86 (m, 4 H), 1.90–2.24 (m, 3 H), 3.38–3.53 (m, 2 H), 3.68 (dt, 3Jd = 
10.8 Hz, 3Jt = 6.3 Hz, 1 H), 4.65‒ϰ.ϴϭ ;ŵ, ϭ HͿ. 13C-NMR (CDCl3, 63 MHz)  21.2, 25.0, 27.3, 
31.8, 36.0, 49.8, 86.7, 90.9. MS (70 eV, EI) m/z (%)205.1 (1) [M+], 124.1 (3), 111.1 (62), 67.0 
(100), 41.1 (19). Anal. Calcd. for C8H13BrO (205.09): C, 46.85; H, 6.39; Found: C, 46.71; H, 
6.29. 1,3-trans-1,5-trans-3-Brommethyl-2-oxabicyclo[3.3.0]-octane trans-3b. Yield 42.1 mg 
(21 %), yellow oil, Rf = 0.43 [petroleum ether/diethyl ether = 9/1 (v/v)]. 
1H-NMR (CDCl3, 250 
MHz)  ϭ.ϭϭ‒ϭ.ϯϭ ;ŵ, ϭ HͿ, ϭ.ϯϯ–1.55 (m, 2 H), 1.60–1.75 (m, 1 H), 1.74–1.84 (m, 1 H), 1.97–
Ϯ.Ϯϱ ;ŵ, ϰ HͿ, ϯ.ϰϭ‒ϯ.ϲϭ ;ŵ, Ϯ HͿ, ϯ.ϴϭ ;dt, 3Jd = 17.2 Hz, 3Jt = 6.4 Hz, 1 H,), 4.72-4.83 (m, 1 H). 
13C-NMR (CDCl3, 63 MHz)  21.1, 25.3, 27.1, 33.7, 36.4, 51.8, 87.5, 89.9. 
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A7  NMR-Spectra of Alkenols, Tosylates and Bromocyclization Products 
 
 
Figure A1. Proton-1 NMR-spectrum of trans-2-(prop-2-en-1-yl)-cyclopentan-1-ol (600MHz, 
CDCl3, 23 °C).  
 
 
Figure A2. Carbon-13 NMR-spectrum of trans-2-(prop-2-en-1-yl)-cyclopentan-1-ol (100MHz, 
CDCl3, 23 °C). 
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Figure A3. Proton-1 NMR-spectrum of cis-2-(prop-2-en-1-yl)-cyclopentan-1-ol (400MHz, 
CDCl3, 23 °C).  
 
 
Figure A4. Carbon-13 NMR-spectrum of cis-2-(prop-2-en-1-yl)-cyclopentan-1-ol (100MHz, 
CDCl3, 23 °C). 
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Figure A5. Proton-1 NMR-spectrum of trans-2-(3-methylbut-2-en-1-yl)-cyclopentan-1-ol 
(400MHz, CDCl3, 23 °C). 
 
 
Figure A6. Carbon-13 NMR-spectrum of trans-2-(3-methylbut-2-en-1-yl)-cyclopentan-1-ol 
(100MHz, CDCl3, 23 °C).  
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Figure A7. Proton-1 NMR-spectrum of cis-2-(prop-2-en-1-yl)-cyclohexan-1-ol (600MHz, 
CDCl3, 23 °C).  
 
 
Figure A8. Carbon-13 NMR-spectrum of cis-2-(prop-2-en-1-yl)-cyclohexan-1-ol (100MHz, 
CDCl3, 23 °C).  
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Figure A9. Proton-1 NMR-spectrum of trans-2-(prop-2-en-1-yl)-cyclopentan-1-ol (400MHz, 
CDCl3, 23 °C).  
 
 
Figure A10. Carbon-13 NMR-spectrum of trans-2-(prop-2-en-1-yl)-cyclopentan-1-ol 
(100MHz, CDCl3, 23 °C).  
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Figure A11. Proton-1 NMR-spectrum of cis-[2-(ethenyl)-cyclohex-1-yl]-methanol (400MHz, 
CDCl3, 23 °C).  
 
 
Figure A12. Carbon-13 NMR-spectrum of cis-[2-(ethenyl)-cyclohex-1-yl]-methanol (100MHz, 
CDCl3, 23 °C). 
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Figure A13. Proton-1 NMR-spectrum of trans-[2-(ethenyl)-cyclohex-1-yl]-methanol 
(400MHz, CDCl3, 23 °C).  
 
 
Figure A14. Carbon-13 NMR-spectrum of trans-[2-(ethenyl)-cyclohex-1-yl]-methanol 
(100MHz, CDCl3, 23 °C).  
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Figure A15. Proton-1 NMR-spectrum of cis-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-
methanol (600MHz, CDCl3, 23 °C).  
 
 
Figure A16. Carbon-13 NMR-spectrum of cis-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-
methanol (150MHz, CDCl3, 23 °C).  
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Figure A17. Proton-1 NMR-spectrum of trans-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-
methanol (400MHz, CDCl3, 23 °C).  
 
 
Figure A18. Carbon-13 NMR-spectrum of trans-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-
methanol (100MHz, CDCl3, 23 °C).  
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Figure A19. Proton-1 NMR-spectrum of 2-(1-methylenecyclohex-2-yl)-ethan-1-ol (400MHz, 
CDCl3, 23 °C).  
 
 
Figure A20. Carbon-13 NMR-spectrum of 2-(1-methylenecyclohex-2-yl)-ethan-1-ol (100MHz, 
CDCl3, 23 °C).  
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Figure A21. Proton-1 NMR-spectrum of (1-methylcyclohex-1-en-4-yl)-methanol (200MHz, 
CDCl3, 23 °C).  
 
 
Figure A22. Carbon-13 NMR-spectrum of (1-methylcyclohex-1-en-4-yl)-methanol (100MHz, 
CDCl3, 23 °C).  
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Figure A23. Proton-1 NMR-spectrum of 2-{(1S,4S,5R)-2,6,6-trimethylbicyclo[3.1.1]hept-2-en-
4-yl}-ethanol (400MHz, CDCl3, 23 °C).  
 
 
Figure A24. Carbon-13 NMR-spectrum of 2-{(1S,4S,5R)-2,6,6-trimethylbicyclo[3.1.1]hept-2-
en-4-yl}-ethanol (100MHz, CDCl3, 23 °C).  
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Figure A25. Proton-1 NMR-spectrum of cis-[2-(Prop-2-en-1-yl)-cyclopent-1-yl] 4-
toluenesulfonate (400MHz, CDCl3, 23 °C).  
 
 
Figure A26. Carbon-13 NMR-spectrum of cis-[2-(Prop-2-en-1-yl)-cyclopent-1-yl] 4-
toluenesulfonate (100MHz, CDCl3, 23 °C).  
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Figure A27. Proton-1 NMR-spectrum of trans-[2-(Prop-2-en-1-yl)-cyclopent-1-yl] 4-
toluenesulfonate (400MHz, CDCl3, 23 °C).  
 
 
Figure A28. Carbon-13 NMR-spectrum of trans-[2-(Prop-2-en-1-yl)-cyclopent-1-yl] 4-
toluenesulfonate (150MHz, CDCl3, 23 °C).  
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Figure A29. Proton-1 NMR-spectrum of trans-[2-(3-methylbut-2-en-1-yl)-cyclopent-1-yl] 4-
toluenesulfonate (600MHz, CDCl3, 23 °C).  
 
 
Figure A30. Proton-1 NMR-spectrum of trans-[2-(3-methylbut-2-en-1-yl)-cyclopent-1-yl] 4-
toluenesulfonate (150MHz, CDCl3, 23 °C).  
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Figure A31. Proton-1 NMR-spectrum of cis-[2-(prop-2-en-1-yl)-cyclohexyl-1-yl 4-
toluenesulfonate (600MHz, CDCl3, 23 °C).  
 
 
Figure A32. Carbon-13 NMR-spectrum of cis-[2-(prop-2-en-1-yl)-cyclohexyl-1-yl 4-
toluenesulfonate (150MHz, CDCl3, 23 °C).  
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Figure A33. Proton-1 NMR-spectrum of trans-[2-(prop-2-en-1-yl)-cyclohexyl-1-yl 4-
toluenesulfonate (600MHz, CDCl3, 23 °C).  
 
 
Figure A34. Carbon-13 NMR-spectrum of trans-[2-(prop-2-en-1-yl)-cyclohexyl-1-yl 4-
toluenesulfonate (100MHz, CDCl3, 23 °C).  
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Figure A35. Proton-1 NMR-spectrum of cis-[2-(ethenyl)-cyclohex-1-yl]-methyl 4-toluene-
sulfonate (400MHz, CDCl3, 23 °C).  
 
 
Figure A36. Carbon-13 NMR-spectrum of cis-[2-(ethenyl)-cyclohex-1-yl]-methyl 4-
toluenesulfonate (100MHz, CDCl3, 23 °C).  
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Figure A37. Proton-1 NMR-spectrum of trans-[2-(ethenyl)-cyclohex-1-yl]-methyl 4-toluene-
sulfonate (600MHz, CDCl3, 23 °C).  
 
 
Figure A38. Carbon-13 NMR-spectrum of trans-[2-(ethenyl)-cyclohex-1-yl]-methyl 4-toluene-
sulfonate (100MHz, CDCl3, 23 °C).  
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Figure A39. Proton-1 NMR-spectrum of cis-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-methyl 
4-toluenesulfonate (400MHz, CDCl3, 23 °C).  
 
 
Figure A40. Carbon-13 NMR-spectrum of cis-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-
methyl 4-toluenesulfonate (100MHz, CDCl3, 23 °C).  
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Figure A41. Proton-1 NMR-spectrum of trans-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-
methyl 4-toluenesulfonate (400MHz, CDCl3, 23 °C).  
 
 
Figure A42. Carbon-13 NMR-spectrum of trans-[2-(methylprop-1-en-1-yl)-cyclohex-1-yl]-
methyl 4-toluenesulfonate (100MHz, CDCl3, 23 °C).  
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Figure A43. Proton-1 NMR-spectrum of 2-(1-methylenecyclohex-2-yl)-eth-1-yl 4-toluene-
sulfonate (600MHz, CDCl3, 23 °C).  
 
 
Figure A44. Carbon-13 NMR-spectrum of 2-(1-methylenecyclohex-2-yl)-eth-1-yl 4-
toluenesulfonate (150MHz, CDCl3, 23 °C).  
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Figure A45. Proton-1 NMR-spectrum of (1-methylcyclohex-1-en-4-yl)-methyl 4-toluene-
sulfonate (400MHz, CDCl3, 23 °C).  
 
 
Figure A46. Carbon-13 NMR-spectrum of (1-methylcyclohex-1-en-4-yl)-methyl 4-toluene-
sulfonate (100MHz, CDCl3, 23 °C).  
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Figure A47. Proton-1 NMR-spectrum of 2-{(1S,4S,5R)-2,6,6-trimethylbicyclo[3.1.1]hept-2-en-
4-yl}-ethyl 4-toluenesulfonate (400MHz, CDCl3, 23 °C).  
 
 
Figure A48. Carbon-1 NMR-spectrum of 2-{(1S,4S,5R)-2,6,6-trimethylbicyclo[3.1.1]hept-2-
en-4-yl}-ethyl 4-toluenesulfonate (100MHz, CDCl3, 23 °C).  
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Figure A49. Proton-1 NMR-spectrum of 3-[cis-2-(prop-2-en-1-yl)-cyclopent-1-yloxy]-4-
methylthiazole-2(3H)-thione cis-(1a) (600MHz, CDCl3, 23 °C).  
 
 
Figure A50. Carbon-1 NMR-spectrum of 3-[cis-2-(prop-2-en-1-yl)-cyclopent-1-yloxy]-4-
methylthiazole-2(3H)-thione cis-(1a) (150MHz, CDCl3, 23 °C).  
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Figure A51. Proton-1 NMR-spectrum of 3-[trans-2-(prop-2-en-1-yl)-cyclopent-1-yloxy]-4-
methylthiazole-2(3H)-thione trans-(1a) (400MHz, CDCl3, 23 °C).  
 
 
Figure A52. Carbon-13 NMR-spectrum of 3-[trans-2-(prop-2-en-1-yl)-cyclopent-1-yloxy]-4-
methylthiazole-2(3H)-thione trans-(1a) (100MHz, CDCl3, 23 °C). 
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Figure A53. Proton-1 NMR-spectrum of 3-[cis-2-(3-methylbut-2-en-1-yl)-cyclopent-1-yloxy]-
4-methylthiazole-2(3H)-thione cis-(1b) (400MHz, CDCl3, 23 °C).  
 
 
Figure A54. Carbon-13 NMR-spectrum of 3-[cis-2-(3-methylbut-2-en-1-yl)-cyclopent-1-
yloxy]-4-methylthiazole-2(3H)-thione cis-(1b) (100MHz, CDCl3, 23 °C).  
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Figure A55. Proton-1 NMR-spectrum of 3-[cis-2-(prop-2-en-1-yl)-cyclohex-1-yloxy]-4-
methylthiazole-2(3H)-thione cis-(1c) (400MHz, CDCl3, 23 °C).  
 
 
Figure A56. Carbon-13 NMR-spectrum of 3-[cis-2-(prop-2-en-1-yl)-cyclohex-1-yloxy]-4-
methylthiazole-2(3H)-thione cis-(1c) (150MHz, CDCl3, 23 °C).  
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Figure A57. Proton-1 NMR-spectrum of 3-[trans-2-(prop-2-en-1-yl)-cyclohex-1-yloxy]-4-
methylthiazole-2(3H)-thione trans-(1c) (400MHz, CDCl3, 23 °C).  
 
 
Figure A58. Carbon-13 NMR-spectrum of 3-[trans-2-(prop-2-en-1-yl)-cyclohex-1-yloxy]-4-
methylthiazole-2(3H)-thione trans-(1c) (100MHz, CDCl3, 23 °C).  
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Figure A59. Proton-1 NMR-spectrum of 3-[cis-2-(eth-1-en-1-yl)-cyclohex-1-ylmethyloxy]-4-
methylthiazole-2(3H)-thione cis-(1d) (400MHz, CDCl3, 23 °C).  
 
 
Figure A60. Carbon-13 NMR-spectrum of 3-[cis-2-(eth-1-en-1-yl)-cyclohex-1-ylmethyloxy]-4-
methylthiazole-2(3H)-thione cis-(1d) (100MHz, CDCl3, 23 °C).  
ANHANG A 183 
 
 
Figure A61. Proton-1 NMR-spectrum of 3-[trans-2-(eth-1-en-1-yl)-cyclohex-1-ylmethyloxy]-
4-methylthiazole-2(3H)-thione trans-(1d) (400MHz, CDCl3, 23 °C).  
 
 
Figure A62. Carbon-13 NMR-spectrum of 3-[trans-2-(eth-1-en-1-yl)-cyclohex-1-ylmethyloxy]-
4-methylthiazole-2(3H)-thione trans-(1d) (100MHz, CDCl3, 23 °C).  
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Figure A63. Proton-1 NMR-spectrum of 3-[cis-2-(2-methylprop-1-en-1-yl)-cyclohex-1-
ylmethyloxy]-4-methylthiazole-2(3H)-thione cis-(1e) (400MHz, CDCl3, 23 °C).  
 
 
Figure A64. Carbon-13 NMR-spectrum of 3-[cis-2-(2-methylprop-1-en-1-yl)-cyclohex-1-
ylmethyloxy]-4-methylthiazole-2(3H)-thione cis-(1e) (100MHz, CDCl3, 23 °C).  
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Figure A65. Proton-1 NMR-spectrum of 3-[trans-2-(2-methylprop-1-en-1-yl)-cyclohex-1-
ylmethyloxy]-4-methylthiazole-2(3H)-thione trans-(1e) (400MHz, CDCl3, 23 °C).  
 
 
Figure A66. Carbon-13 NMR-spectrum of 3-[trans-2-(2-methylprop-1-en-1-yl)-cyclohex-1-
ylmethyloxy]-4-methylthiazole-2(3H)-thione trans-(1e) (100MHz, CDCl3, 23 °C).  
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Figure A67. Proton-1 NMR-spectrum of 3-[2-(1-methylenecyclohex-2-yl)-eth-1-yl-2-oxy]-4-
methylthiazole-2(3H)-thione (1f) (400MHz, CDCl3, 23 °C). 
 
 
Figure A68. Carbon-13 NMR-spectrum of 3-[2-(1-methylenecyclohex-2-yl)-eth-1-yl-2-oxy]-4-
methylthiazole-2(3H)-thione (1f) (100MHz, CDCl3, 23 °C). 
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Figure A69. Proton-1 NMR-spectrum of 3-[(1-methylcyclohex-1-en-4-yl)-methyloxy]-4-
methylthiazole-2(3H)-thione (1g) (400MHz, CDCl3, 23 °C). 
 
 
Figure A70. Carbon-13 NMR-spectrum of 3-[(1-methylcyclohex-1-en-4-yl)-methyloxy]-4-
methylthiazole-2(3H)-thione (1g) (100MHz, CDCl3, 23 °C). 
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Figure A71. Proton-1 NMR-spectrum of 3-[{(1S,4S,5R)-2,6,6-trimethyl-bicyclo[3.1.1]-hept-2-
en-4-yl}eth-1-yl-2-oxy]-4-methylthiazole-2(3H)-thione (1h) (600MHz, CDCl3, 23 °C). 
 
 
Figure A72. Carbon-13 NMR-spectrum of 3-[{(1S,4S,5R)-2,6,6-trimethyl-bicyclo[3.1.1]-hept-
2-en-4-yl}eth-1-yl-2-oxy]-4-methylthiazole-2(3H)-thione (1h) (150MHz, CDCl3, 23 °C). 
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Figure A73. Proton-1 NMR-spectrum of 4-methyl-2-(trichloromethylsulfanyl)-thiazole (2) 
(400MHz, CDCl3, 23 °C). 
 
 
Figure A74. Carbon-13 NMR-spectrum of 4-methyl-2-(trichloromethylsulfanyl)-thiazole (2) 
(150MHz, CDCl3, 23 °C). 
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Figure A75. Proton-1 NMR-spectrum of 1,3-cis/trans-isomers, i.e rel-(1S,3S,5S)-3a/ rel-
(1S,3R,5S)-3a, of 3-bromomethyl-2-oxabicyclo[3.3.0]octane cis-(3a) (400MHz, C6D6, 23 °C). 
 
 
Figure A76. Carbon-13 NMR-spectrum of 1,3-cis/trans-isomers, i.e rel-(1S,3S,5S)-3a/ rel-
(1S,3R,5S)-3, of 3-bromomethyl-2-oxabicyclo[3.3.0]octane cis-(3a) (100MHz, CDCl3, 23 °C).
ANHANG A 191 
 
 
Figure A77. Proton-1 NMR-spectrum of 5-bromoct-7-enal (4a) (400MHz, CDCl3, 23 °C). 
 
 
Figure A78. Carbon-13 NMR-spectrum of 5-bromoct-7-enal (4a) (100MHz, CDCl3, 23 °C). 
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Figure A79. Proton-1 NMR-spectrum of like-5,7-dibromo-9,9,9-trichlorononanal (400MHz, 
CDCl3, 23 °C). 
 
 
Figure A80. Carbon-13 NMR-spectrum of like-5,7-dibromo-9,9,9-trichlorononanal (100MHz, 
CDCl3, 23 °C). 
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Figure A81. Proton-1 NMR-spectrum of unlike-5,7-dibromo-9,9,9-trichlorononanal (400MHz, 
CDCl3, 23 °C). 
 
 
Figure A82. Carbon-13 NMR-spectrum of unlike-5,7-dibromo-9,9,9-trichlorononanal 
(100MHz, CDCl3, 23 °C). 
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Figure A83. Proton-1 NMR-spectrum of 1,3-cis/trans-isomers, i.e. rel-(1S,3S,5S)-3b/ rel-




Figure A84. Carbon-13 NMR-spectrum of 1,3-cis/trans-isomers, i.e rel-(1S,3S,5S)-3b/ rel-
(1S,3R,5S)-3b, of 3-(2-Bromoprop-2-yl)-2-oxabicyclo[3.3.0]octane cis-(3b) (100MHz, CDCl3, 
23 °C). 
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Figure A86. Carbon-13 NMR-spectrum of 5-brom-8-methylnon-7-enal (4b) (150MHz, CDCl3, 
23 °C). 
196 ANHANG A 
 
 
Figure A87. Proton-1 NMR-spectrum of 6,8-cis/trans-isomers, i.e rel-(1S,6S,8S)-3c/ rel-




Figure A88. Carbon-13 NMR-spectrum of 6,8-cis/trans-isomers, i.e rel-(1S,6S,8S)-3c/ rel-
(1S,6S,8R)-3c, of 8-(bromomethyl)-7-oxabicyclo[4.3.0]nonane cis-(3c) (100MHz, CDCl3, 23 
°C). 
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Figure A89. Proton-1 NMR-spectrum of 6-bromo-8-nonenal (4c) (400MHz, CDCl3, 23 °C). 
 
 
Figure A90. Carbon-13 NMR-spectrum of 6-bromo-8-nonenal (4c) (100MHz, CDCl3, 23 °C). 
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Figure A91. Proton-1 NMR-spectrum of 6,8-cis/trans-isomers, i.e rel-(1R,6S,8S)-3c/ rel-
(1R,6S,8R)-3c, of 8-(bromomethyl)-7-oxabicyclo[4.3.0]nonane trans-(3c) and 4-methyl-2-
(trichloromethylsulfanyl)-thiazole (2) (400MHz, CDCl3, 23 °C). 
 
 
Figure A92. Carbon-13 NMR-spectrum of 6,8-cis/trans-isomers, i.e rel-(1R,6S,8S)-3c/ rel-
(1R,6S,8R)-3c,of 8-(bromomethyl)-7-oxabicyclo[4.3.0]nonane trans-(3c) and 4-methyl-2-
(trichloromethylsulfanyl)-thiazole (2) (100MHz, CDCl3, 23 °C). 
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Figure A93. Proton-1 NMR-spectrum of, i.e rel-(1S,2S,6S)-5d, 2-bromo-4-oxabicyclo-
[4.4.0]decane cis-(5d) (400MHz, CDCl3, 23 °C). 
 
 
Figure A94. Carbon-13 NMR-spectrum of, i.e rel-(1S,2S,6S)-5d, 2-bromo-4-oxabicyclo-
[4.4.0]decane cis-(5d) (150MHz, CDCl3, 37 °C). 
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Figure A95. Proton-1 NMR-spectrum of, i.e rel-(1S,6R,7S)-3d, 7-bromomethyl-8-oxabi-
cyclo[4.3.0]nonane cis-(3d) (400MHz, CDCl3, 23 °C). 
 
 
Figure A96. Carbon-13 NMR-spectrum of, i.e rel-(1S,6R,7S)-3d, 7-bromomethyl-8-oxabi-
cyclo[4.3.0]nonane cis-(3d) (100MHz, CDCl3, 23°C). 
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Figure A97. Proton-1 NMR-spectrum of, i.e rel-(1S,6R,7R)-3d, 7-bromomethyl-8-oxa-
bicyclo[4.3.0]nonane cis-(3d) and 4-methyl-2-(trichloromethylsulfanyl)-thiazole (2) (400MHz, 
CDCl3, 23 °C). 
 
 
Figure A98. Carbon-13 NMR-spectrum of, i.e rel-(1S,6R,7R)-3d, 7-bromomethyl-8-oxa-
bicyclo[4.3.0]nonane cis-(3d) and 4-methyl-2-(trichloromethylsulfanyl)-thiazole (2) (100MHz, 
CDCl3, 23 °C). 
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Figure A99. Proton-1 NMR-spectrum of, i.e rel-(1R,2R,6S)-5d, 2-bromo-4-oxa-
bicyclo[4.4.0]decane trans-(5d) (400MHz, CDCl3, 23 °C). 
 
 
Figure A100. Carbon-13 NMR-spectrum of, i.e rel-(1R,2R,6S)-5d, 2-bromo-4-oxa-
bicyclo[4.4.0]decane trans-(5d) (100MHz, CDCl3, 23 °C). 
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Figure A101. Proton-1 NMR-spectrum of, i.e rel-(1R,2R,6S)-5d, 2-bromo-4-oxabicycle-
[4.4.0]decane trans-(5d) and of, i.e rel-(1S,6S,7S)-3d, 7-bromomethyl-8-oxabicyclo[4.3.0]-
nonane trans-(3d) (600MHz, C6D6, 23 °C). 
 
 
Figure A102. Carbon-13 NMR-spectrum of, i.e rel-(1R,2R,6S)-5d, 2-bromo-4-oxabicycle-
[4.4.0]decane trans-(5d) and of, i.e rel-(1S,6S,7S)-3d, 7-bromomethyl-8-oxabicyclo[4.3.0]-
nonane trans-(3d) (150MHz, C6D6, 23 °C). 
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Figure A103. Proton-1 NMR-spectrum of, i.e rel-(1S,6S,7R)-3d, 7-bromomethyl-8-oxabi-
cyclo[4.3.0]nonane trans-(3d) and 4-methyl-2-(trichloromethylsulfanyl)-thiazole (2) 
(400MHz, CDCl3, 23 °C). 
 
 
Figure A104. Carbon-13 NMR-spectrum of, i.e rel-(1S,6S,7R)-3d, 7-bromomethyl-8-
oxabicyclo[4.3.0]nonane trans-(3d) and 4-methyl-2-(trichloromethylsulfanyl)-thiazole (2) 
(100MHz, CDCl3, 23 °C). 
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Figure A105. Proton-1 NMR-spectrum of, i.e rel-(1R,6S,7R)-3e, 7-(2-bromoprop-2-yl)-8-
oxabicyclo[4.3.0]nonane cis-(3e) (400MHz, CDCl3, 23 °C). 
 
 
Figure A106. Carbon-13 NMR-spectrum of, i.e rel-(1R,6S,7R)-3e, 7-(2-bromoprop-2-yl)-8-
oxabicyclo[4.3.0]nonane cis-(3e) (100MHz, CDCl3, 23 °C). 
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Figure A107. Proton-1 NMR-spectrum of, i.e rel-(1S,6S,7S)-3e, 7-(2-bromoprop-2-yl)-8-
oxabicyclo[4.3.0]nonane trans-(3e) (400MHz, CDCl3, 23 °C). 
 
 
Figure A108. Carbon-13 NMR-spectrum of, i.e rel-(1S,6S,7S)-3e, 7-(2-bromoprop-2-yl)-8-
oxabicyclo[4.3.0]nonane trans-(3e) (150MHz, CDCl3, 23 °C). 
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Figure A109. Proton-1 NMR-spectrum of cis-(1-bromo)-3-oxabicyclo[4.4.0]decane cis-(5f) 
(400MHz, CDCl3, 23 °C). 
 
 
Figure A110. Carbon-13 NMR-spectrum of cis-(1-bromo)-3-oxabicyclo[4.4.0]decane cis-(5f) 
(150MHz, CDCl3, 23 °C). 
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Figure A111. Proton-1 NMR-spectrum of cis-(1-bromomethyl)-9-oxabicyclo[4.3.0]nonane 
cis-(3f) and 4-methyl-2-(trichloromethylsulfanyl)-thiazole (2) (400MHz, CDCl3, 23 °C). 
 
 
Figure A112. Carbon-13 NMR-spectrum of cis-(1-bromomethyl)-9-oxabicyclo[4.3.0]nonane 
cis-(3f) and 4-methyl-2-(trichloromethylsulfanyl)-thiazole (2) (100MHz, CDCl3, 23 °C). 
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Figure A113. Proton-1 NMR-spectrum of trans-(1-bromo)-3-oxabicyclo[4.4.0]decane trans-
(5f) (400MHz, CDCl3, 23 °C). 
 
 
Figure A114. Carbon-13 NMR-spectrum of trans-(1-bromo)-3-oxabicyclo[4.4.0]decane trans-
(5f) (100MHz, CDCl3, 23 °C). 
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Figure A115. Proton-1 NMR-spectrum of, i.e rel-(1R,4S,5R)-3g, 4-bromo-4-methyl-6-oxa-
bicyclo[3.2.1]octane cis-(3g) (400MHz, CDCl3, 23 °C). 
 
 
Figure A116. Carbon-13 NMR-spectrum of, i.e rel-(1R,4S,5R)-3g, 4-bromo-4-methyl-6-oxa-
bicyclo[3.2.1]octane cis-(3g) (100MHz, CDCl3, 23 °C). 
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Figure A117. Proton-1 NMR-spectrum of, i.e. rel-(1R,4R,5R)-3g, 4-Bromo-4-methyl-6-oxa-
bicyclo[3.2.1]octane trans-(3g) (400MHz, CDCl3, 23 °C). 
 
 
Figure A118. Carbon-13 NMR-spectrum of, i.e rel-(1R,4R,5R)-3g, 4-bromo-4-methyl-6-oxa-
bicyclo[3.2.1]octane trans-(3g) (100MHz, CDCl3, 23 °C). 
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Figure A119. Proton-1 NMR-spectrum of i.e. rel-(1R,2S,6S,7S,9S)-9-bromo-1,8,8-trimethyl-3-
oxatricyclo[5.2.1.02,6]-decane (6) (400MHz, CDCl3, 23 °C). 
 
 
Figure A120. Proton-13 NMR-spectrum of i.e rel-(1R,2S,6S,7S,9S)-9-bromo-1,8,8-trimethyl-3-
oxatricyclo[5.2.1.02,6]-decane (6) (100MHz, CDCl3, 23 °C). 
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Figure A121. Proton-1 NMR-spectrum of i.e rel-(1S,2S,6S,7S,9S)-9-bromo-1,10,10-trimethyl-
3-oxatricyclo[5.2.1.02,6]-decane (7) (400MHz, CDCl3, 23 °C). 
 
 
Figure A122. Carbon-13 NMR-spectrum of i.e rel-(1S,2S,6S,7S,9S)-9-bromo-1,10,10-
trimethyl-3-oxatricyclo[5.2.1.02,6]-decane (7) (100MHz, CDCl3, 23 °C). 
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A8 Computational Chemistry 
A8.1 Computational Details 
All calculations were carried out with Gaussian03[31], using the density functional/Hartree-
Fock hybrid models B3LYP and BHandHLYP and split valance double- basis set 6-31+G(d,p) 
and split valence triple- basis set 6-311G(d,p). No symmetry or internal coordinate 
constraints were applied during energy function minimization. The ultrafine grid in 
combination with the tight option for energy function minimization was used. The absence 
of imaginary modes of vibration characterized computed structures as minima (for radicals I, 
II, and VII and for propene). Transition structures TS-I and TS-VII were located with the 
Berny algorithm. Hessian matrices of transition structures had exactly one negative 
stretching mode (Table 9 of the associated manuscript). Animations of eigenvector 
coordinates using Molden[32] were performed to verify that the imaginary mode correlates 
with the trajectory of C,O bond formation. Approximate Gibbs free energies (G298.15) were 
obtained through thermochemical analysis for 298.15 K by unscaled frequency calculation 
from the thermal correction reported by Gaussian03. Likewise obtained Gibbs free energies 
take into account zero-point correction, thermal correction, and entropy. All transition 
structures were maxima on electronic potential energy hypersurface, which may not 
correspond to maxima on the free energy surface. 
 
8.2 Ball-and-Stick Graphics from Modelled Structures 
Graphics displaying computed equilibrium structures of oxygen radicals, addition products, 
and transition structures associated with oxygen radical additions were generated from 
B3LYP-calculated atomic coordinates. The results obtained from BHandHLYP-calculations 
provided almost identical conformations for the investigated structures. Oxygen is depicted 
in the ball-and-stick models in red, carbon in gray and hydrogen in white.  
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Table A1. Calculated zero point vibrational energy (ZPVE)-corrected electronic energies (E, 0 K) expectation values of spin the  
operator S2 and free energies (G, 298.15K) for the 2-(cyclohexen-3-yl)-ethoxyl radical cyclization Ii  Iii. 
method Ii parameter Ii TS-cis-Ii TS-trans-Ii cis-IIi trans-IIi 
B3LYP pe-Ii  E + ZPVE / a.u. a –387.657312 –387.650940 –387.629477 –387.674108 –387.670439 
/6-31+G**  S2 0.753802 0.778264 0.784693 0.753815 0.753984 
  G298.15 / a.u. a –387.692413 –387.683999 –387.663009 –387.708058 –387.703786 
BHandHLYP pe-Ii E + ZPVE / a.u. a –387.413367 –387.398398 –387.375607 –387.431051 –387.426977 
/6-31+G**  S2 0.755213 0.826176 0.842594 0.755346 0.755562 
  G298.15 / a.u. a –387.448360 –387.431259 –387.409043 –387.464567 –387.460005 
BHandHLYP pe-Ii E + ZPVE / a.u. a –387.481233 –387.465775 –387.442897 –387.498255 –387.494066 
/6-311G**  S2 0.754665 0.826681 0.842829 0.7554 0.755584 
  G298.15 / a.u. a –387.516054 –387.498638 –387.476661 –387.531833 –387.527097 
B3LYP pa-Ii  E + ZPVE / a.u. a –387.655174 –387.648548 – b -387.672979 – b 
/6-31+G**  S2 0.753686 0.776177 – b 0.753956 – b 
  G298.15 / a.u. a –387.690292 –387.681779 – b –387.706516 – b 
BHandHLYP pa-Ii E + ZPVE / a.u. a –387.410795 –387.395737 – b –387.430001 – b 
/6-31+G**  S2 0.755156 0.820896 – b 0.755609 – b 
  G298.15 / a.u. a –387.445688 –387.428809 – b –387.463260 – b 
BHandHLYP pa-Ii E + ZPVE / a.u. a –387.478854 –387.463263 – b –387.497527 – b 
/6-311G**  S2 0.754575 0.821789 – b 0.755641 – b 
  G298.15 / a.u. a –387.513728 –387.496441 – b –387.530694 – b 
a 1 a.u. = 1 Hartree = 2625.5 kJ mol–1. b Identical with trans-Ii from pe-Ii. 
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Table A2. Calculated zero point vibrational energy (ZPVE)-corrected electronic energies (E, 0 K) expectation values of spin the operator 




method parameter Ij TS-Ij IIj 
B3LYP/6-31+G** E + ZPVE / a.u. a –270.975247 –270.967723 –270.990673 
 S2 0.753684 0.778657 0.753834 
 G298.15 / a.u. a –271.007703 –270.997697 –271.021685 
BHandHLYP/6-31+G** E + ZPVE / a.u. a –270.804872 –270.789272 –270.821432 
 S2 0.755148 0.826588 0.755247 
 G298.15 / a.u. a –270.837439 –270.819113 –270.852280 
BHandHLYP/6-311G** E + ZPVE / a.u. a –270.853885 –270.838018 –270.869791 
 S2 0.754563 0.826641 0.755332 
 G298.15 / a.u. a –270.886313 –270.867816 –270.900557 
a 1 a.u. = 1 Hartree = 2625.5 kJ mol–1 
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Table A3. Calculated zero point vibrational energy (ZPVE)-corrected electronic energies (E, 0 K) expectation values of spin the  




method parameter Ik propene TS1-VII iso-VIII 
B3LYP/6-31+G** E + ZPVE / a.u. a –115.026987 –117.843255 –232.863588 –232.892586 
 S2 0.753499 0 0.774311 0.753954 
 G298.15 / a.u. 
a –115.049934 –117.868282 –232.895907 –232.924574 
BHandHLYP/6-31+G** E + ZPVE / a.u. a –114.961999 -117.755443 –232.703774 –232.741734 
 S2 0.754977 0 0.821343 0.755624 
 G298.15 / a.u. 
a –114.984919 –117.780411 –232.735641 –232.773478 
BHandHLYP/6-311G** E + ZPVE / a.u. a –114.985163 –117.775341 –232.746863 –232.784295 
 S2 0.754332 0 0.822071 0.755667 
 G298.15 / a.u. 
a –115.008074 –117.800297 –232.778726 –232.815991 
a 1 a.u. = 1 Hartree = 2625.5 kJ mol–1 . 
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Table A4. Calculated zero point vibrational energy (ZPVE)-corrected electronic energies (E, 0 K) expectation values of spin the  




method parameter Ik propene TS2-VII VIII 
B3LYP/6-31+G** E + ZPVE / a.u. a –115.026987 –117.843255 –232.862433 –232.890748 
 S2 0.753499 0 0.775952 0.753661 
 G298.15 / a.u. 
a –115.049934 –117.868282 –232.893984 –232.921330 
BHandHLYP/6-31+G** E + ZPVE / a.u. a –114.961999 –117.755443 –232.703249 –232.740760 
 S2 0.754977 0 0.823151 0.754984 
 G298.15 / a.u. 
a –114.984919 –117.780411 –232.734388 –232.771144 
BHandHLYP/6-311G** E + ZPVE / a.u. a –114.985163 –117.775341 –232.746689 –232.783726 
 S2 0.754332 0 0.823321 0.755082 
 G298.15 / a.u. 
a –115.008074 –117.800297 –232.777810 –232.814067 
a 1 a.u. = 1 Hartree = 2625.5 kJ mol–1 . 
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A8.3 The 2-(Cyclohexen-3-yl)-ethane-1-oxyl Radical Cyclization 
 




Figure A123. Ball-and-stick model showing the computed equilibrium structure of alkenoxyl 
radical pe-Ij. 
 




Center     Atomic        Atomic            Coordinates (Angstroms) 
Number     Number         Type          X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.747885   -0.256934    0.110777 
   2          6             0        2.158245    1.116702   -0.094916 
   3          6             0        0.847895    1.341920   -0.261108 
   4          6             0       -0.216312    0.266110   -0.224944 
   5          6             0        0.352276   -1.045928    0.352082 
   6          6             0        1.738080   -1.364248   -0.227487 
   7          6             0       -1.462312    0.767702    0.538204 
   8          6             0       -2.671934   -0.165532    0.431133 
   9          8             0       -3.170931   -0.345463   -0.833906 
  10          1             0        2.848808    1.958661   -0.114481 
  11          1             0        0.502111    2.361250   -0.432759 
  12          1             0       -0.545001    0.077763   -1.260665 
  13          1             0        0.433228   -0.950178    1.445226 
  14          1             0       -0.333917   -1.878119    0.156565 
  15          1             0        2.095098   -2.331183    0.146004 
  16          1             0        1.656729   -1.457776   -1.318844 
  17          1             0        3.086542   -0.357198    1.153900 
  18          1             0        3.652014   -0.365918   -0.502843 
  19          1             0       -1.755754    1.748535    0.143257 
  20          1             0       -1.213692    0.910216    1.599514 
  21          1             0       -3.525360    0.242943    1.016325 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic        Atomic           Coordinates (Angstroms) 
 Number     Number         Type          X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.143476    1.102893   -0.095854 
   2          6             0        0.847299    1.332028   -0.272079 
   3          6             0       -0.218311    0.268357   -0.235776 
   4          6             0        0.336826   -1.032597    0.349112 
   5          6             0        1.713739   -1.358290   -0.218583 
   6          6             0        2.720331   -0.265067    0.124240 
   7          1             0        2.833091    1.934535   -0.116146 
   8          1             0        0.512043    2.344548   -0.451177 
   9          6             0       -1.448257    0.779202    0.520443 
  10          1             0       -0.538470    0.076372   -1.263027 
  11          1             0        0.412499   -0.931932    1.433957 
  12          1             0       -0.346300   -1.856771    0.154848 
  13          1             0        2.060008   -2.319767    0.154797 
  14          1             0        1.638479   -1.450085   -1.302127 
  15          1             0        3.040880   -0.360712    1.164090 
  16          1             0        3.622809   -0.381714   -0.474671 
  17          6             0       -2.656727   -0.139458    0.445229 
  18          8             0       -3.124165   -0.373058   -0.825310 
  19          1             0       -1.737853    1.749982    0.119749 
  20          1             0       -1.194690    0.937427    1.569682 
  21          1             0       -3.490389    0.248235    1.040650 
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(iii)  BHandHLYP/6-311G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic        Atomic           Coordinates (Angstroms) 
 Number     Number         Type          X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.137025    1.098996   -0.102435 
   2          6             0        0.846774    1.329489   -0.278911 
   3          6             0       -0.221831    0.271312   -0.232680 
   4          6             0        0.328173   -1.028213    0.356730 
   5          6             0        1.702615   -1.359917   -0.209775 
   6          6             0        2.710486   -0.267589    0.126158 
   7          1             0        2.829134    1.926689   -0.129476 
   8          1             0        0.513530    2.340076   -0.464721 
   9          6             0       -1.446977    0.788368    0.523570 
  10          1             0       -0.548874    0.074869   -1.254914 
  11          1             0        0.404406   -0.923316    1.439807 
  12          1             0       -0.357294   -1.849256    0.165487 
  13          1             0        2.046821   -2.319321    0.166613 
  14          1             0        1.625793   -1.455160   -1.291537 
  15          1             0        3.031352   -0.357306    1.165169 
  16          1             0        3.611449   -0.389494   -0.471623 
  17          6             0       -2.659522   -0.125092    0.440611 
  18          8             0       -3.082536   -0.394752   -0.832755 
  19          1             0       -1.729920    1.759907    0.122962 
  20          1             0       -1.196096    0.945326    1.572204 
  21          1             0       -3.498302    0.268576    1.021370 
  22          1             0       -2.452164   -1.107699    0.881094 
--------------------------------------------------------------------- 
Version=AM64L-G03RevE.01\State=2-A\HF=-387.6810797\S2=0.754665\S2-1=0.\ 
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Standard orientation:                          
--------------------------------------------------------------------- 
Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type                      Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.209017    1.057979   -0.221320 
   2          6             0        0.993282    1.401643    0.224121 
   3          6             0       -0.077326    0.414134    0.637752 
   4          6             0        0.514396   -1.007497    0.780930 
   5          6             0        1.480183   -1.350696   -0.363330 
   6          6             0        2.662218   -0.370487   -0.394065 
   7          1             0        2.921703    1.841233   -0.475500 
   8          1             0        0.732635    2.456773    0.302115 
   9          1             0       -0.442730    0.729903    1.628192 
  10          6             0       -1.285725    0.488594   -0.327886 
  11          1             0        1.057874   -1.068014    1.733261 
  12          1             0       -0.286172   -1.755427    0.838140 
  13          1             0        1.842089   -2.379964   -0.257734 
  14          1             0        0.947893   -1.303179   -1.322261 
  15          1             0        3.382736   -0.622032    0.400004 
  16          1             0        3.216459   -0.471438   -1.336384 
  17          6             0       -2.566470   -0.139092    0.242236 
  18          8             0       -3.644606   -0.125809   -0.602018 
  19          1             0       -2.833442    0.287135    1.228952 
  20          1             0       -2.410230   -1.222461    0.445603 
  21          1             0       -1.504498    1.539132   -0.556198 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.188672    1.052738   -0.221943 
   2          6             0        0.985808    1.392105    0.226870 
   3          6             0       -0.076822    0.409242    0.640846 
   4          6             0        0.515575   -1.000088    0.780260 
   5          6             0        1.463743   -1.338438   -0.365629 
   6          6             0        2.639000   -0.367510   -0.399552 
   7          1             0        2.893626    1.830925   -0.476854 
   8          1             0        0.728455    2.439111    0.307744 
   9          1             0       -0.436297    0.721549    1.624827 
  10          6             0       -1.276345    0.481292   -0.316218 
  11          1             0        1.066611   -1.056005    1.718880 
  12          1             0       -0.275749   -1.744209    0.846660 
  13          1             0        1.822403   -2.360739   -0.267282 
  14          1             0        0.928381   -1.286222   -1.312953 
  15          1             0        3.356071   -0.618861    0.385261 
  16          1             0        3.182603   -0.464332   -1.338410 
  17          6             0       -2.538392   -0.159304    0.241931 
  18          8             0       -3.616455   -0.106653   -0.605411 
  19          1             0       -2.813761    0.264208    1.213716 
  20          1             0       -2.396693   -1.232643    0.424087 
  21          1             0       -1.499915    1.524684   -0.533295 




0.2093876\Dipole=0.0258897,0.7306969, -0.5912948\PG=C01 [X(C8H13O1)]\\@ 
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(iii) BHandHLYP/6-311G**//BHandHLYP/6-311G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.184269    1.049823   -0.224674 
   2          6             0        0.988594    1.390714    0.225808 
   3          6             0       -0.075157    0.411643    0.641124 
   4          6             0        0.514110   -0.996818    0.785496 
   5          6             0        1.456952   -1.339595   -0.361807 
   6          6             0        2.631324   -0.369904   -0.403442 
   7          1             0        2.890517    1.824488   -0.481319 
   8          1             0        0.733439    2.436807    0.308274 
   9          1             0       -0.434758    0.726912    1.622484 
  10          6             0       -1.272700    0.480159   -0.315496 
  11          1             0        1.067792   -1.049107    1.721146 
  12          1             0       -0.277139   -1.738387    0.857397 
  13          1             0        1.814878   -2.360500   -0.262347 
  14          1             0        0.918448   -1.289328   -1.305846 
  15          1             0        3.352666   -0.620357    0.376020 
  16          1             0        3.168642   -0.467887   -1.344319 
  17          6             0       -2.537563   -0.152025    0.243426 
  18          8             0       -3.605164   -0.112051   -0.610117 
  19          1             0       -2.814976    0.283322    1.208578 
  20          1             0       -2.393346   -1.221379    0.442312 
  21          1             0       -1.493064    1.521211   -0.540798 
  22          1             0       -1.030761    0.006635   -1.263256 
--------------------------------------------------------------------- 
Version=AM64L-G03RevE.01\State=2-A\HF=-387678858\S2=0.754575\S2-1=0.\ 
S2A=0.750015\RMSD=3.414e-09\RMSF=2.073e-07 \ZeroPoint=0.2000038\ Thermal= 
0.2087976\Dipole=0.0100209,0.6723876,-0.5265333\PG=C01 [X(C8H13O1)]\\@ 
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Figure A125. Ball-and-stick model of computed transition structure TS1-cis-Ij showing 3T
4-




Standard orientation:                          
--------------------------------------------------------------------- 
Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.059457   -1.381949    0.389305 
   2          6             0       -0.059410   -0.749735    0.888483 
   3          6             0       -0.291296    0.738319    0.743204 
   4          6             0        0.663015    1.390573   -0.280550 
   5          6             0        2.088323    0.831154   -0.198852 
   6          6             0        2.086312   -0.684995   -0.453386 
   7          1             0        1.182989   -2.446122    0.576510 
   8          1             0       -0.637017   -1.258428    1.653284 
   9          6             0       -1.777159    0.933350    0.369608 
  10          1             0       -0.119314    1.199112    1.728230 
  11          1             0        0.281119    1.222211   -1.295445 
  12          1             0        0.664701    2.476258   -0.125373 
  13          1             0        2.737655    1.336144   -0.923335 
  14          1             0        2.508977    1.028772    0.796627 
  15          1             0        1.881251   -0.884945   -1.518422 
  16          1             0        3.076324   -1.116719   -0.258527 
  17          6             0       -2.076806   -0.059048   -0.768083 
  18          8             0       -1.560449   -1.308446   -0.433927 
  19          1             0       -3.169308   -0.168235   -0.885374 
  20          1             0       -1.680654    0.315352   -1.729045 
  21          1             0       -1.990598    1.970672    0.081246 












Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.052368   -1.372691    0.386576 
   2          6             0       -0.071383   -0.751074    0.870171 
   3          6             0       -0.296030    0.732552    0.737912 
   4          6             0        0.651916    1.381342   -0.276625 
   5          6             0        2.068434    0.830013   -0.187411 
   6          6             0        2.071331   -0.672870   -0.452412 
   7          1             0        1.179121   -2.427803    0.573049 
   8          1             0       -0.635362   -1.254138    1.637237 
   9          6             0       -1.768179    0.925181    0.362250 
  10          1             0       -0.121161    1.184116    1.716603 
  11          1             0        0.279252    1.211120   -1.285674 
  12          1             0        0.649067    2.459016   -0.123614 
  13          1             0        2.716714    1.338675   -0.897686 
  14          1             0        2.476372    1.020375    0.805640 
  15          1             0        1.866094   -0.863420   -1.509628 
  16          1             0        3.055113   -1.097524   -0.259576 
  17          6             0       -2.056111   -0.061673   -0.763949 
  18          8             0       -1.526059   -1.297735   -0.425085 
  19          1             0       -3.134428   -0.191553   -0.887879 
  20          1             0       -1.657362    0.303340   -1.714431 
  21          1             0       -1.981852    1.952589    0.071121 
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(iii) BHandHLYP/6-311G**//BHandHLYP/6-311G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.041007   -1.371515    0.388588 
   2          6             0       -0.079465   -0.748816    0.871069 
   3          6             0       -0.298588    0.735712    0.739092 
   4          6             0        0.656601    1.386226   -0.266311 
   5          6             0        2.066894    0.821979   -0.184345 
   6          6             0        2.053785   -0.677589   -0.459788 
   7          1             0        1.168274   -2.424136    0.579936 
   8          1             0       -0.634488   -1.243515    1.648026 
   9          6             0       -1.765263    0.930479    0.347488 
  10          1             0       -0.131885    1.183535    1.718911 
  11          1             0        0.283349    1.231541   -1.276222 
  12          1             0        0.663360    2.460590   -0.101186 
  13          1             0        2.717618    1.329619   -0.890906 
  14          1             0        2.477602    0.999650    0.808423 
  15          1             0        1.831491   -0.858135   -1.514086 
  16          1             0        3.035234   -1.111440   -0.284349 
  17          6             0       -2.036074   -0.066733   -0.772014 
  18          8             0       -1.516473   -1.296334   -0.410531 
  19          1             0       -3.111828   -0.193862   -0.911067 
  20          1             0       -1.623873    0.290299   -1.718917 
  21          1             0       -1.973320    1.955176    0.048179 
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Figure A126. Ball-and-stick model of computed transition structure TS1-trans-Ij showing, 3T4-






Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.013337   -1.457806   -0.364381 
   2          6             0       -0.119558   -0.706264   -0.612946 
   3          6             0       -0.193967    0.620802    0.090699 
   4          6             0        1.061699    1.442554   -0.253748 
   5          6             0        2.342507    0.630237    0.126082 
   6          6             0        2.053725   -0.854381    0.535083 
   7          1             0        1.201871   -2.391558   -0.887435 
   8          1             0       -0.640649   -0.843071   -1.555738 
   9          6             0       -1.594327    1.170541   -0.146509 
  10          1             0       -0.128325    0.407750    1.168353 
  11          1             0        1.065487    1.681729   -1.324191 
  12          1             0        1.042990    2.398002    0.283248 
  13          1             0        3.035730    0.623238   -0.721639 
  14          1             0        2.869497    1.118098    0.953560 
  15          1             0        2.981787   -1.433332    0.514810 
  16          1             0        1.700975   -0.873494    1.577746 
  17          6             0       -2.518494    0.040960    0.390614 
  18          8             0       -1.962530   -1.218120    0.103456 
  19          1             0       -2.627323    0.171279    1.481637 
  20          1             0       -3.516741    0.115703   -0.069139 
  21          1             0       -1.784596    2.113087    0.378741 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        0.997846   -1.445068   -0.373903 
   2          6             0       -0.128073   -0.695291   -0.617705 
   3          6             0       -0.193344    0.620949    0.091811 
   4          6             0        1.052385    1.436003   -0.245984 
   5          6             0        2.320507    0.622096    0.128087 
   6          6             0        2.028307   -0.848940    0.532403 
   7          1             0        1.188576   -2.366099   -0.900850 
   8          1             0       -0.639006   -0.817511   -1.558426 
   9          6             0       -1.585464    1.163525   -0.143442 
  10          1             0       -0.130825    0.400846    1.159172 
  11          1             0        1.057303    1.677731   -1.307422 
  12          1             0        1.037913    2.382075    0.291114 
  13          1             0        3.006718    0.613687   -0.714777 
  14          1             0        2.847700    1.104426    0.947820 
  15          1             0        2.948970   -1.424405    0.512496 
  16          1             0        1.673957   -0.873574    1.564645 
  17          6             0       -2.495893    0.036109    0.377054 
  18          8             0       -1.915832   -1.213422    0.122557 
  19          1             0       -2.629183    0.162482    1.454555 
  20          1             0       -3.476935    0.078406   -0.098541 
  21          1             0       -1.781139    2.093610    0.384763 




0.2087024\Dipole=0.7542893,0.7530258,-0.1558416\PG=C01 [X(C8H13O1)]\\@  
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.992232   -1.439601    0.382750 
   2          6             0        0.133156   -0.692111    0.616163 
   3          6             0        0.193570    0.622003   -0.096572 
   4          6             0       -1.050559    1.436481    0.240158 
   5          6             0       -2.317213    0.620743   -0.129498 
   6          6             0       -2.022975   -0.850803   -0.525698 
   7          1             0       -1.182212   -2.355623    0.915448 
   8          1             0        0.643099   -0.805711    1.557107 
   9          6             0        1.583746    1.164977    0.137992 
  10          1             0        0.130808    0.395360   -1.160996 
  11          1             0       -1.054390    1.680006    1.299746 
  12          1             0       -1.038765    2.379917   -0.298467 
  13          1             0       -3.002425    0.616121    0.712359 
  14          1             0       -2.843772    1.098200   -0.950582 
  15          1             0       -2.941620   -1.426659   -0.503476 
  16          1             0       -1.668067   -0.880041   -1.556173 
  17          6             0        2.498583    0.028257   -0.356369 
  18          8             0        1.892408   -1.213476   -0.144499 
  19          1             0        2.676152    0.164368   -1.425211 
  20          1             0        3.459620    0.059502    0.157273 
  21          1             0        1.781985    2.086170   -0.401470 
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Figure A127 Ball-and-stick model showing the computed transition structure TS2-cis-Ij, 
displaying 2T3-conformation of the cyclohexyl-annulated tetrahydrofuran subunit. 
 




Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.154390   -1.286075   -0.537144 
   2          6             0       -0.039284   -0.766116   -0.995052 
   3          6             0       -0.377657    0.708702   -0.907531 
   4          6             0        0.738650    1.530538   -0.212959 
   5          6             0        1.487621    0.764664    0.888918 
   6          6             0        2.106922   -0.527121    0.336765 
   7          1             0        1.392603   -2.322233   -0.766946 
   8          1             0       -0.608555   -1.351523   -1.709456 
   9          1             0       -0.466686    1.080253   -1.938078 
  10          6             0       -1.782589    0.830287   -0.265231 
  11          1             0        1.470072    1.834601   -0.974247 
  12          1             0        0.312690    2.457204    0.189957 
  13          1             0        2.270028    1.401376    1.318029 
  14          1             0        0.804477    0.512002    1.706231 
  15          1             0        3.013460   -0.293239   -0.247234 
  16          1             0        2.450106   -1.173017    1.156147 
  17          6             0       -1.840490   -0.156499    0.908463 
  18          8             0       -1.322340   -1.381605    0.492240 
  19          1             0       -2.000346    1.862148    0.038299 
  20          1             0       -2.535900    0.534848   -1.005442 
  21          1             0       -2.890443   -0.328041    1.204415 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.150698   -1.277605   -0.529571 
   2          6             0       -0.047632   -0.772680   -0.970574 
   3          6             0       -0.383566    0.696970   -0.903310 
   4          6             0        0.723623    1.518852   -0.219682 
   5          6             0        1.470875    0.766365    0.877809 
   6          6             0        2.099535   -0.509597    0.329920 
   7          1             0        1.389852   -2.306249   -0.751322 
   8          1             0       -0.606429   -1.357437   -1.681273 
   9          1             0       -0.468918    1.054338   -1.929632 
  10          6             0       -1.774477    0.818933   -0.263122 
  11          1             0        1.449168    1.816242   -0.977078 
  12          1             0        0.299702    2.440365    0.174762 
  13          1             0        2.240651    1.406479    1.303625 
  14          1             0        0.794625    0.509741    1.688446 
  15          1             0        2.989983   -0.265919   -0.257147 
  16          1             0        2.450048   -1.142946    1.144169 
  17          6             0       -1.822436   -0.154413    0.904528 
  18          8             0       -1.295841   -1.368069    0.488110 
  19          1             0       -1.993777    1.842385    0.036369 
  20          1             0       -2.524598    0.519878   -0.992838 
  21          1             0       -2.856717   -0.340208    1.206490 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.158882   -1.268696   -0.530906 
   2          6             0       -0.046745   -0.779361   -0.961755 
   3          6             0       -0.392359    0.688123   -0.905430 
   4          6             0        0.703615    1.520862   -0.219302 
   5          6             0        1.458019    0.774121    0.875738 
   6          6             0        2.101319   -0.490652    0.323416 
   7          1             0        1.408889   -2.293000   -0.753640 
   8          1             0       -0.599642   -1.368556   -1.671320 
   9          1             0       -0.474695    1.038067   -1.932769 
  10          6             0       -1.784486    0.800738   -0.270764 
  11          1             0        1.425500    1.827668   -0.974428 
  12          1             0        0.269372    2.435212    0.176397 
  13          1             0        2.217897    1.421156    1.305132 
  14          1             0        0.784471    0.504103    1.682301 
  15          1             0        2.984952   -0.234226   -0.266529 
  16          1             0        2.463822   -1.119518    1.134136 
  17          6             0       -1.812783   -0.161403    0.905379 
  18          8             0       -1.263266   -1.364716    0.500740 
  19          1             0       -2.018850    1.823127    0.015324 
  20          1             0       -2.527607    0.480696   -0.996868 
  21          1             0       -2.842745   -0.362713    1.208063 
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Figure A128. Ball-and-stick model showing the computed equilibrium structure of carbon 






Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.358950    0.739792    0.637461 
   2          6             0        0.650278    1.392399   -0.324287 
   3          6             0       -0.278320   -0.803388    0.586268 
   4          6             0        2.077644    0.881200   -0.092319 
   5          6             0        1.086661   -1.377979    0.421322 
   6          6             0        2.154609   -0.640730   -0.320167 
   7          1             0       -0.155714    1.089564    1.657328 
   8          6             0       -1.830827    1.004879    0.234948 
   9          1             0        0.354248    1.175368   -1.359832 
  10          1             0        0.606739    2.482681   -0.206598 
  11          1             0       -0.752054   -1.227448    1.488895 
  12          8             0       -1.114900   -1.141548   -0.553124 
  13          1             0        2.780669    1.394502   -0.759002 
  14          1             0        2.388937    1.112120    0.936133 
  15          1             0        1.232194   -2.426428    0.668457 
  16          1             0        2.047225   -0.835360   -1.404168 
  17          1             0        3.144185   -1.027442   -0.046376 
  18          6             0       -2.276795   -0.312087   -0.457667 
  19          1             0       -2.658525   -0.168003   -1.472294 
  20          1             0       -3.051366   -0.823870    0.133739 
  21          1             0       -1.908622    1.867994   -0.434411 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.379119    0.705385    0.689093 
   2          6             0        0.561385    1.389266   -0.303079 
   3          6             0       -0.259347   -0.819554    0.626743 
   4          6             0        2.002642    0.924761   -0.132622 
   5          6             0        1.121411   -1.340586    0.453521 
   6          6             0        2.116643   -0.583861   -0.355478 
   7          1             0       -0.157774    1.059141    1.694645 
   8          6             0       -1.854479    0.895848    0.337294 
   9          1             0        0.236059    1.172055   -1.321038 
  10          1             0        0.490373    2.468526   -0.176096 
  11          1             0       -0.707537   -1.258335    1.522046 
  12          8             0       -1.065074   -1.179270   -0.502872 
  13          1             0        2.654122    1.452929   -0.825930 
  14          1             0        2.347278    1.169399    0.872818 
  15          1             0        1.311622   -2.372313    0.703469 
  16          1             0        1.951682   -0.792651   -1.419387 
  17          1             0        3.124155   -0.930815   -0.134077 
  18          6             0       -2.135524   -0.257902   -0.637141 
  19          1             0       -2.162928    0.071569   -1.673122 
  20          1             0       -3.078440   -0.755535   -0.416608 
  21          1             0       -2.059077    1.868712   -0.101786 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.383583    0.705319    0.692949 
   2          6             0        0.553403    1.389715   -0.300645 
   3          6             0       -0.258430   -0.818420    0.624622 
   4          6             0        1.994760    0.926563   -0.138424 
   5          6             0        1.125414   -1.331940    0.470320 
   6          6             0        2.108879   -0.582067   -0.355714 
   7          1             0       -0.165357    1.058891    1.697312 
   8          6             0       -1.857362    0.889644    0.335445 
   9          1             0        0.224276    1.172639   -1.315808 
  10          1             0        0.482887    2.467561   -0.173742 
  11          1             0       -0.720108   -1.261956    1.509298 
  12          8             0       -1.037685   -1.166784   -0.522069 
  13          1             0        2.640068    1.452308   -0.837076 
  14          1             0        2.345748    1.174179    0.862652 
  15          1             0        1.324598   -2.354867    0.741130 
  16          1             0        1.927478   -0.796232   -1.414565 
  17          1             0        3.118770   -0.925363   -0.147336 
  18          6             0       -2.131435   -0.274427   -0.630106 
  19          1             0       -2.194442    0.051542   -1.663820 
  20          1             0       -3.057340   -0.790017   -0.383848 
  21          1             0       -2.060092    1.857057   -0.112369 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.231815    0.680023   -0.256150 
   2          6             0        0.976529    1.463162    0.190810 
   3          6             0       -0.269104    0.719407   -0.288911 
   4          6             0       -0.294324   -0.704969    0.288879 
   5          6             0        0.894102   -1.483152   -0.131399 
   6          6             0        2.205527   -0.814558    0.167848 
   7          1             0        2.303823    0.732283   -1.350516 
   8          1             0        3.136181    1.154704    0.142854 
   9          1             0        0.956815    1.554067    1.286909 
  10          1             0        1.011228    2.483457   -0.210859 
  11          6             0       -1.683156    1.186852    0.077696 
  12          1             0       -0.210499    0.612485   -1.381728 
  13          1             0       -0.280142   -0.608213    1.400363 
  14          8             0       -1.559263   -1.223635   -0.106828 
  15          1             0        0.820209   -2.528130   -0.413682 
  16          1             0        2.404276   -0.861944    1.255987 
  17          1             0        3.032970   -1.350577   -0.309838 
  18          6             0       -2.503498   -0.129925   -0.040953 
  19          1             0       -2.065165    1.972435   -0.581278 
  20          1             0       -1.707282    1.569832    1.105124 
  21          1             0       -3.169897   -0.274899    0.818868 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.887495   -1.475088   -0.135065 
   2          6             0        0.294270   -0.698098    0.289060 
   3          6             0        0.268309    0.712883   -0.282484 
   4          6             0       -0.967993    1.452467    0.194049 
   5          6             0       -2.212376    0.677140   -0.258908 
   6          6             0       -2.192490   -0.805018    0.160566 
   7          1             0       -0.818056   -2.528623   -0.347840 
   8          1             0        0.274968   -0.608844    1.390536 
   9          8             0        1.545557   -1.208400   -0.099985 
  10          6             0        1.671863    1.174909    0.084239 
  11          1             0        0.212360    0.609380   -1.367539 
  12          1             0       -0.951953    1.536852    1.282318 
  13          1             0       -0.999876    2.466645   -0.200286 
  14          1             0       -3.111964    1.149510    0.130575 
  15          1             0       -2.275784    0.731234   -1.345403 
  16          1             0       -2.390160   -0.858201    1.239075 
  17          1             0       -3.012995   -1.333553   -0.318447 
  18          6             0        2.482137   -0.132243   -0.054787 
  19          1             0        1.697275    1.539453    1.109648 
  20          1             0        2.051679    1.963458   -0.558571 
  21          1             0        3.163872   -0.279134    0.780642 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.884448   -1.472635   -0.135359 
   2          6             0        0.295155   -0.697127    0.291601 
   3          6             0        0.267600    0.712991   -0.279854 
   4          6             0       -0.968022    1.451423    0.194902 
   5          6             0       -2.210356    0.675834   -0.259423 
   6          6             0       -2.189516   -0.805782    0.158190 
   7          1             0       -0.811972   -2.524979   -0.344736 
   8          1             0        0.272756   -0.606497    1.391911 
   9          8             0        1.543321   -1.207060   -0.097649 
  10          6             0        1.670398    1.174411    0.083797 
  11          1             0        0.211790    0.605884   -1.363326 
  12          1             0       -0.953310    1.534753    1.281907 
  13          1             0       -1.000674    2.464416   -0.198283 
  14          1             0       -3.109702    1.146474    0.128561 
  15          1             0       -2.271921    0.730468   -1.344643 
  16          1             0       -2.388393   -0.860651    1.235203 
  17          1             0       -3.007932   -1.333645   -0.321929 
  18          6             0        2.477953   -0.132792   -0.057981 
  19          1             0        1.697243    1.537440    1.108164 
  20          1             0        2.047891    1.961311   -0.559695 
  21          1             0        3.165060   -0.275815    0.772422 
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Figure A130. Equilibrium structure of carbon radical cis-IIj (equatorial). 
 




Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.303237   -0.129909   -0.448907 
   2          8             0        1.764768    1.006439    0.253420 
   3          6             0        0.414156    0.733942    0.674843 
   4          6             0        0.261601   -0.805511    0.605461 
   5          6             0        1.155800   -1.136488   -0.603969 
   6          6             0       -1.197688   -1.290972    0.546778 
   7          6             0       -2.056584   -0.543479   -0.483997 
   8          6             0       -1.992433    0.982022   -0.255782 
   9          6             0       -0.576787    1.459012   -0.181630 
  10          1             0        0.340088    1.080723    1.721390 
  11          1             0        0.734683   -1.230956    1.500486 
  12          1             0       -1.214807   -2.370095    0.346839 
  13          1             0       -1.648690   -1.158110    1.540642 
  14          1             0       -1.712734   -0.769530   -1.500977 
  15          1             0       -3.095347   -0.889719   -0.419567 
  16          1             0       -2.538396    1.515317   -1.042348 
  17          1             0       -2.526740    1.208663    0.687917 
  18          1             0       -0.285745    2.428173   -0.577160 
  19          1             0        1.505999   -2.173709   -0.598210 
  20          1             0        2.711468    0.209605   -1.407315 
  21          1             0        3.126510   -0.548293    0.146720 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        0.416935    0.724675    0.673612 
   2          6             0        0.259251   -0.800766    0.601035 
   3          6             0       -1.190906   -1.278374    0.546556 
   4          6             0       -2.041322   -0.535336   -0.479187 
   5          6             0       -1.974346    0.977934   -0.254580 
   6          6             0       -0.561974    1.447244   -0.188718 
   7          1             0        0.331047    1.072290    1.708324 
   8          8             0        1.752394    0.983694    0.265827 
   9          6             0        1.139832   -1.125988   -0.605413 
  10          1             0        0.732341   -1.227331    1.485279 
  11          1             0       -1.211928   -2.349586    0.350707 
  12          1             0       -1.637436   -1.141127    1.532564 
  13          1             0       -1.699907   -0.762925   -1.487659 
  14          1             0       -3.072707   -0.877146   -0.415370 
  15          1             0       -2.515597    1.506538   -1.035775 
  16          1             0       -2.496259    1.209738    0.683481 
  17          1             0       -0.276000    2.416600   -0.564267 
  18          6             0        2.279554   -0.124147   -0.452961 
  19          1             0        1.489022   -2.154764   -0.606310 
  20          1             0        2.669604    0.225028   -1.405403 
  21          1             0        3.105622   -0.545170    0.119217 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        0.419322    0.721667    0.674249 
   2          6             0        0.257576   -0.802284    0.598880 
   3          6             0       -1.192364   -1.275824    0.547531 
   4          6             0       -2.041401   -0.531511   -0.476745 
   5          6             0       -1.968402    0.980904   -0.254702 
   6          6             0       -0.555898    1.443777   -0.189826 
   7          1             0        0.330282    1.067124    1.707868 
   8          8             0        1.752597    0.980327    0.267866 
   9          6             0        1.133486   -1.122568   -0.610685 
  10          1             0        0.733347   -1.231509    1.478577 
  11          1             0       -1.217648   -2.345719    0.353187 
  12          1             0       -1.636155   -1.135967    1.532993 
  13          1             0       -1.702794   -0.761201   -1.484220 
  14          1             0       -3.072492   -0.869151   -0.411068 
  15          1             0       -2.508033    1.509421   -1.035085 
  16          1             0       -2.487695    1.216283    0.682598 
  17          1             0       -0.265352    2.409573   -0.566242 
  18          6             0        2.275421   -0.126539   -0.450121 
  19          1             0        1.478389   -2.151086   -0.620313 
  20          1             0        2.671329    0.219333   -1.399884 
  21          1             0        3.095446   -0.556959    0.121869 
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A8.4 The 4-Pentenoxyl Radical Cyclization 
 




Figure A131. Equilibrium structure of alkenoxyl radical Ij. 
 




Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        3.002765   -0.021861   -0.431860 
   2          6             0        1.946396   -0.261177    0.350656 
   3          6             0        0.650646    0.503218    0.319475 
   4          6             0       -0.562098   -0.389227   -0.005333 
   5          6             0       -1.880583    0.390047    0.004449 
   6          8             0       -3.010696   -0.346030   -0.236400 
   7          1             0        3.909612   -0.615313   -0.361311 
   8          1             0        2.996920    0.778212   -1.169227 
   9          1             0        1.999456   -1.076305    1.074278 
  10          1             0        0.488779    0.975710    1.300830 
  11          1             0        0.723455    1.318303   -0.412511 
  12          1             0       -0.430866   -0.849474   -0.991813 
  13          1             0       -0.635749   -1.209109    0.719775 
  14          1             0       -2.050452    0.865517    0.996576 
  15          1             0       -1.858344    1.254696   -0.689718 
--------------------------------------------------------------------- 
Version=AM64L-G03RevE.01\State=2-A\HF=-271.1019187\S2=0.753684\S2-1=0.\ 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.978525   -0.036079   -0.429519 
   2          6             0        1.931156   -0.252697    0.352672 
   3          6             0        0.645193    0.511464    0.303372 
   4          6             0       -0.559876   -0.381238    0.008758 
   5          6             0       -1.864502    0.396005    0.008679 
   6          8             0       -2.984578   -0.358243   -0.235357 
   7          1             0        3.876649   -0.625907   -0.345847 
   8          1             0        2.973148    0.740439   -1.179655 
   9          1             0        1.982556   -1.044126    1.089690 
  10          1             0        0.490317    1.008685    1.263482 
  11          1             0        0.719039    1.297948   -0.446987 
  12          1             0       -0.434660   -0.863905   -0.958391 
  13          1             0       -0.627995   -1.175658    0.750462 
  14          1             0       -2.033971    0.893662    0.972273 













Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.968360   -0.042085   -0.433376 
   2          6             0        1.931316   -0.247714    0.355690 
   3          6             0        0.645861    0.514318    0.304608 
   4          6             0       -0.558331   -0.378105    0.013745 
   5          6             0       -1.863911    0.396104    0.000541 
   6          8             0       -2.977226   -0.363102   -0.232034 
   7          1             0        3.866277   -0.630099   -0.349975 
   8          1             0        2.957459    0.724705   -1.191746 
   9          1             0        1.986002   -1.029347    1.101069 
  10          1             0        0.490806    1.014443    1.261834 
  11          1             0        0.718502    1.297280   -0.447571 
  12          1             0       -0.429117   -0.868436   -0.947696 
  13          1             0       -0.631106   -1.165648    0.760468 
  14          1             0       -2.034443    0.900825    0.959745 
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Figure A132. Ball-and-stick model of computed transition structure TS-Ij, showing 2T
3-
conformation of the distorted tetrahydrofuran nucleus 
 




Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.218440   -1.341831   -0.316148 
   2          6             0       -1.299215   -0.754709    0.343768 
   3          6             0       -1.398322    0.710961   -0.089756 
   4          6             0        0.025782    1.274149    0.084125 
   5          6             0        1.027929    0.276129   -0.443264 
   6          6             0        2.075669   -0.196800    0.313602 
   7          1             0       -1.213795   -0.834621    1.442497 
   8          1             0       -2.198724   -1.319062    0.043429 
   9          1             0       -2.134109    1.278339    0.492803 
  10          1             0       -1.692754    0.755213   -1.144904 
  11          1             0        0.225307    1.466235    1.145447 
  12          1             0        0.134371    2.228259   -0.446663 
  13          1             0        1.081715    0.161974   -1.522137 
  14          1             0        2.116102   -0.023639    1.385452 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.202708   -1.321345   -0.317738 
   2          6             0       -1.280902   -0.754350    0.348631 
   3          6             0       -1.396796    0.695908   -0.086321 
   4          6             0        0.013331    1.263575    0.074590 
   5          6             0        1.007429    0.260778   -0.440648 
   6          6             0        2.064785   -0.177627    0.313792 
   7          1             0       -1.173080   -0.827020    1.435209 
   8          1             0       -2.163194   -1.332226    0.063123 
   9          1             0       -2.128389    1.252671    0.495490 
  10          1             0       -1.697429    0.732419   -1.131399 
  11          1             0        0.214998    1.463794    1.125354 
  12          1             0        0.121954    2.204553   -0.461560 
  13          1             0        1.067249    0.145726   -1.510535 
  14          1             0        2.108110    0.014325    1.373846 













Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.190664   -1.312299   -0.325013 
   2          6             0       -1.266752   -0.761342    0.350179 
   3          6             0       -1.401377    0.687016   -0.081706 
   4          6             0        0.005272    1.262952    0.070605 
   5          6             0        1.001573    0.260628   -0.440750 
   6          6             0        2.055296   -0.170013    0.318179 
   7          1             0       -1.153658   -0.832639    1.435468 
   8          1             0       -2.145081   -1.346035    0.070823 
   9          1             0       -2.133466    1.237910    0.502389 
  10          1             0       -1.705948    0.719385   -1.124421 
  11          1             0        0.208969    1.469508    1.118288 
  12          1             0        0.108657    2.199674   -0.470915 
  13          1             0        1.071850    0.154182   -1.509346 
  14          1             0        2.088544    0.019551    1.377633 
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Figure A133. Ball-and-stick model for computed equilibrium structure of cyclized radical IIj. 
 




Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0        0.052527   -1.145763   -0.109224 
   2          6             0       -1.323108   -0.829684    0.166240 
   3          6             0       -1.484039    0.678088   -0.079708 
   4          6             0       -0.066021    1.199110    0.188922 
   5          6             0        0.804905    0.053910   -0.387324 
   6          6             0        2.171364   -0.063720    0.176831 
   7          1             0       -1.538915   -1.093004    1.210712 
   8          1             0       -1.962145   -1.440520   -0.481454 
   9          1             0       -2.241880    1.130370    0.567237 
  10          1             0       -1.769280    0.871677   -1.120226 
  11          1             0        0.118440    1.297167    1.264968 
  12          1             0        0.150445    2.160122   -0.286173 
  13          1             0        0.869091    0.184109   -1.481832 
  14          1             0        2.325218   -0.611143    1.100615 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0        0.052199   -1.128943   -0.089913 
   2          6             0       -1.313638   -0.826027    0.151690 
   3          6             0       -1.472137    0.676163   -0.074941 
   4          6             0       -0.062085    1.188057    0.192697 
   5          6             0        0.791376    0.049041   -0.383533 
   6          6             0        2.160680   -0.066891    0.162400 
   7          1             0       -1.551553   -1.103001    1.177736 
   8          1             0       -1.933801   -1.421275   -0.513854 
   9          1             0       -2.223063    1.117753    0.573147 
  10          1             0       -1.757363    0.880130   -1.104730 
  11          1             0        0.121682    1.278502    1.261237 
  12          1             0        0.154975    2.143727   -0.274076 
  13          1             0        0.843701    0.173006   -1.470439 
  14          1             0        2.333416   -0.662542    1.041971 













Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0        0.051487   -1.128320   -0.118038 
   2          6             0       -1.301808   -0.825179    0.170428 
   3          6             0       -1.472004    0.669627   -0.076173 
   4          6             0       -0.065801    1.189006    0.188069 
   5          6             0        0.791325    0.052794   -0.388114 
   6          6             0        2.151995   -0.066860    0.174530 
   7          1             0       -1.505460   -1.078327    1.209299 
   8          1             0       -1.945118   -1.433081   -0.458371 
   9          1             0       -2.225553    1.115560    0.563244 
  10          1             0       -1.752548    0.856770   -1.109087 
  11          1             0        0.117018    1.280566    1.255392 
  12          1             0        0.147268    2.143674   -0.278919 
  13          1             0        0.856643    0.188992   -1.471421 
  14          1             0        2.313681   -0.691304    1.034150 
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A8.5 Methoxyl Radical Addition to Propene 
 




Figure A134. Ball-and-stick model of computed equilibrium structure of the methoxyl radical 
(Im). 
 




Center     Atomic        Atomic              Coordinates (Angstroms) 
Number     Number         Type          X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.011028    0.793737    0.000000 
   2          6             0       -0.011028   -0.577119    0.000000 
   3          1             0        1.060625   -0.867662    0.000000 
   4          1             0       -0.453118   -1.009759    0.911434 












Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.008725    0.791541    0.000000 
   2          6             0       -0.008725   -0.579110    0.000000 
   3          1             0        1.048205   -0.870123    0.000000 
   4          1             0       -0.463024   -0.993773    0.900153 




0.0411873\Dipole=0.0777085,0.,0.852451\ PG=CS [SG(C1H1O1),X(H2)]\NImag=0\\@ 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.009067    0.789824    0.000000 
   2          6             0       -0.009067   -0.576052    0.000000 
   3          1             0        1.046992   -0.869045    0.000000 
   4          1             0       -0.460025   -0.996617    0.898929 












Figure A135. Ball-and-stick model showing the computed equilibrium of propene. 
 




Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.285471    0.220790    0.000000 
   2          6             0       -0.132616   -0.455269   -0.000001 
   3          6             0        1.236630    0.163272    0.000000 
   4          1             0       -2.244615   -0.288910    0.000004 
   5          1             0       -1.308206    1.308661   -0.000001 
   6          1             0       -0.164982   -1.545627    0.000001 
   7          1             0        1.811424   -0.151766   -0.880247 
   8          1             0        1.183715    1.256617   -0.000023 











Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.275050    0.220283    0.000000 
   2          6             0       -0.133510   -0.453067    0.000000 
   3          6             0        1.228770    0.161772    0.000000 
   4          1             0       -2.227580   -0.284092    0.000001 
   5          1             0       -1.294308    1.299828   -0.000001 
   6          1             0       -0.167753   -1.534660    0.000000 
   7          1             0        1.797085   -0.150868   -0.874490 
   8          1             0        1.174223    1.246710   -0.000013 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.270865    0.220030    0.000000 
   2          6             0       -0.135388   -0.451678    0.000000 
   3          6             0        1.226329    0.160971    0.000000 
   4          1             0       -2.223283   -0.281976    0.000001 
   5          1             0       -1.288706    1.298445   -0.000001 
   6          1             0       -0.169537   -1.532055    0.000000 
   7          1             0        1.793922   -0.152523   -0.873439 
   8          1             0        1.173235    1.244677   -0.000012 
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Figure A136. Ball-and-stick models showing different projections of computed transition 






Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        0.316309    1.130301    0.022919 
   2          6             0        1.131378    0.175308    0.561792 
   3          6             0        2.128631   -0.623748   -0.214665 
   4          8             0       -1.280498    0.023485   -0.715246 
   5          6             0       -2.087098   -0.491704    0.298377 
   6          1             0       -0.316406    1.742376    0.656781 
   7          1             0        0.478857    1.490485   -0.986756 
   8          1             0        1.005579   -0.086248    1.612374 
   9          1             0        3.124514   -0.563914    0.244098 
  10          1             0        1.852788   -1.686996   -0.225646 
  11          1             0        2.200385   -0.282374   -1.251139 
  12          1             0       -2.991923   -0.876333   -0.201905 
  13          1             0       -1.630314   -1.335965    0.838245 












Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        0.274893    1.122975    0.084931 
   2          6             0        1.093930    0.147113    0.569442 
   3          6             0        2.074735   -0.608451   -0.257929 
   4          8             0       -1.282751    0.142741   -0.695486 
   5          6             0       -1.980704   -0.571630    0.267018 
   6          1             0       -0.331257    1.706655    0.756639 
   7          1             0        0.457626    1.552216   -0.884709 
   8          1             0        0.971012   -0.171544    1.595241 
   9          1             0        3.065313   -0.588385    0.194625 
  10          1             0        1.787437   -1.656698   -0.340229 
  11          1             0        2.144935   -0.200954   -1.261643 
  12          1             0       -2.895357   -0.914057   -0.221360 
  13          1             0       -1.443276   -1.451504    0.622386 













Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        0.265742    1.121707    0.064261 
   2          6             0        1.088274    0.164506    0.571075 
   3          6             0        2.058335   -0.613462   -0.245122 
   4          8             0       -1.254006    0.111231   -0.700976 
   5          6             0       -1.974250   -0.554528    0.274897 
   6          1             0       -0.338803    1.720035    0.722616 
   7          1             0        0.454835    1.535229   -0.909374 
   8          1             0        0.968091   -0.131382    1.602464 
   9          1             0        3.050890   -0.594975    0.200651 
  10          1             0        1.760651   -1.659142   -0.306999 
  11          1             0        2.125959   -0.225824   -1.255502 
  12          1             0       -2.877430   -0.918914   -0.217430 
  13          1             0       -1.453120   -1.419381    0.686054 
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Figure A137. Ball-and-stick models showing different projections of computed transition 






Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.097983   -0.076794    0.098252 
   2          8             0        0.900994   -0.634797   -0.352539 
   3          6             0       -0.802703    0.215154    0.436027 
   4          6             0       -0.705437    1.444261   -0.162410 
   5          6             0       -1.743882   -0.856040   -0.032811 
   6          1             0        2.122808    0.074250    1.190544 
   7          1             0        2.357878    0.866531   -0.405212 
   8          1             0        2.886180   -0.807395   -0.148716 
   9          1             0       -0.114690    2.243185    0.274420 
  10          1             0       -1.147380    1.627186   -1.137832 
  11          1             0       -0.424115    0.106823    1.450471 
  12          1             0       -2.003185   -0.722332   -1.086916 
  13          1             0       -1.292000   -1.843203    0.092665 












Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.055773   -0.071552    0.061157 
   2          8             0        0.862390   -0.692415   -0.278150 
   3          6             0       -0.770947    0.216838    0.429501 
   4          6             0       -0.650864    1.443917   -0.158469 
   5          6             0       -1.734477   -0.819567   -0.051067 
   6          1             0        2.115081    0.175905    1.123369 
   7          1             0        2.255994    0.822201   -0.529323 
   8          1             0        2.842141   -0.798163   -0.153076 
   9          1             0       -0.061725    2.226492    0.289592 
  10          1             0       -1.067257    1.632890   -1.134857 
  11          1             0       -0.432985    0.110770    1.449395 
  12          1             0       -1.939379   -0.699048   -1.110343 
  13          1             0       -1.333556   -1.813961    0.111661 













Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.046021   -0.074618    0.069507 
   2          8             0        0.854424   -0.674234   -0.298562 
   3          6             0       -0.758496    0.214630    0.427061 
   4          6             0       -0.660215    1.441454   -0.158357 
   5          6             0       -1.719663   -0.827457   -0.042618 
   6          1             0        2.101662    0.142687    1.138139 
   7          1             0        2.264420    0.833343   -0.491389 
   8          1             0        2.829355   -0.799715   -0.157227 
   9          1             0       -0.077855    2.229959    0.284975 
  10          1             0       -1.087561    1.625504   -1.129452 
  11          1             0       -0.415753    0.113813    1.444546 
  12          1             0       -1.918155   -0.720750   -1.103328 
  13          1             0       -1.316054   -1.816699    0.134380 





50.7814032,12.8518568,0.7358499,60.3796669\PG=C01 [X(C4H9O1)] \NImag=1\\@ 
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Figure A138. Ball-and-stick models showing computed equilibrium structure of carbon 






Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.398331   -0.185298   -0.003971 
   2          8             0        1.170099    0.513232   -0.069710 
   3          6             0        0.040462   -0.336825    0.056502 
   4          6             0       -1.206907    0.471671    0.015015 
   5          6             0       -2.542907   -0.188782   -0.038361 
   6          1             0        3.194974    0.554823   -0.106478 
   7          1             0        2.514721   -0.707985    0.958606 
   8          1             0        2.487346   -0.923085   -0.816865 
   9          1             0        0.038741   -1.095663   -0.750946 
  10          1             0        0.113692   -0.908494    1.008165 
  11          1             0       -1.119743    1.531554    0.235286 
  12          1             0       -3.331779    0.522124   -0.302674 
  13          1             0       -2.564094   -1.006304   -0.772512 












Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.378423   -0.182097    0.000409 
   2          8             0        1.161879    0.504734   -0.051788 
   3          6             0        0.043170   -0.334716    0.037830 
   4          6             0       -1.197143    0.473861   -0.005410 
   5          6             0       -2.525954   -0.189500   -0.023337 
   6          1             0        3.170451    0.553941   -0.073926 
   7          1             0        2.488092   -0.728332    0.939910 
   8          1             0        2.472766   -0.889426   -0.826424 
   9          1             0        0.051254   -1.066865   -0.780684 
  10          1             0        0.095282   -0.920469    0.969595 
  11          1             0       -1.107841    1.527324    0.202226 
  12          1             0       -3.314573    0.507687   -0.290378 
  13          1             0       -2.553005   -1.014731   -0.735228 













Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.373235   -0.180650    0.002185 
   2          8             0        1.159560    0.504751   -0.057538 
   3          6             0        0.045321   -0.335320    0.038657 
   4          6             0       -1.194145    0.471393   -0.007543 
   5          6             0       -2.523181   -0.187804   -0.024110 
   6          1             0        3.166372    0.552122   -0.076382 
   7          1             0        2.483659   -0.720170    0.944886 
   8          1             0        2.471617   -0.895235   -0.817194 
   9          1             0        0.050597   -1.073877   -0.773145 
  10          1             0        0.096371   -0.915287    0.973689 
  11          1             0       -1.103514    1.517943    0.225704 
  12          1             0       -3.303666    0.498615   -0.335527 
  13          1             0       -2.538567   -1.041470   -0.699612 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.588502    1.477054   -0.110997 
   2          6             0       -0.437818    0.051278    0.314670 
   3          6             0       -1.673492   -0.794321   -0.029833 
   4          8             0        0.670388   -0.587305   -0.329518 
   5          6             0        1.938925   -0.111571    0.090994 
   6          1             0       -0.402172    1.748249   -1.146192 
   7          1             0       -1.033427    2.214627    0.549447 
   8          1             0       -0.283322    0.012127    1.407917 
   9          1             0       -1.521603   -1.826296    0.302623 
  10          1             0       -2.564752   -0.390203    0.459611 
  11          1             0       -1.838119   -0.795607   -1.111591 
  12          1             0        2.076909    0.953565   -0.141252 
  13          1             0        2.079831   -0.256809    1.173532 












Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.585808    1.467636   -0.104568 
   2          6             0       -0.430636    0.044896    0.311448 
   3          6             0       -1.656868   -0.791589   -0.033267 
   4          8             0        0.665950   -0.573105   -0.327815 
   5          6             0        1.920855   -0.111333    0.091301 
   6          1             0       -0.360155    1.749880   -1.120081 
   7          1             0       -1.092341    2.175229    0.530148 
   8          1             0       -0.277326    0.002994    1.395512 
   9          1             0       -1.507953   -1.817089    0.292921 
  10          1             0       -2.542127   -0.391417    0.452663 
  11          1             0       -1.818647   -0.789716   -1.107280 
  12          1             0        2.057868    0.947829   -0.126387 
  13          1             0        2.060137   -0.267652    1.163169 













Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.590567    1.466672   -0.103174 
   2          6             0       -0.428183    0.045627    0.310696 
   3          6             0       -1.650259   -0.795962   -0.031477 
   4          8             0        0.665001   -0.566255   -0.334013 
   5          6             0        1.916406   -0.111130    0.094302 
   6          1             0       -0.351886    1.749053   -1.114202 
   7          1             0       -1.116215    2.167042    0.521710 
   8          1             0       -0.273065    0.003868    1.393536 
   9          1             0       -1.493559   -1.818807    0.295224 
  10          1             0       -2.538448   -0.401926    0.451452 
  11          1             0       -1.807757   -0.796662   -1.104921 
  12          1             0        2.053182    0.951834   -0.100833 
  13          1             0        2.057707   -0.287474    1.162173 
  14          1             0        2.665655   -0.668128   -0.454116 
--------------------------------------------------------------------- 
Version=AM64L-G03RevE.01\State=2-A\HF=-232.9087648\S2=0.755082\S2-1=0.\ 
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A8.6 Transition structure models for 2-allylcyclohexyl-1-oxyl radical cyclizations 
 
A8.6.1 2,4-Cis-cyclization of the cis-2-(propen-3-yl)-cyclohexyl-1-oxyl radical cis-Ic– favored 




Figure A140. Projections of the ball-and-stick model for computed transition structure TS1-
cis-Ic. 
 




Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.152681    0.855917   -0.716508 
   2          6             0       -1.588435    1.312485   -0.395685 
   3          6             0       -2.254587    0.491401    0.722134 
   4          6             0       -2.174757   -1.015597    0.431410 
   5          6             0       -0.717547   -1.466123    0.240561 
   6          6             0       -0.016814   -0.677503   -0.880928 
   7          8             0        1.335368   -0.985644   -1.029507 
   8          6             0        0.907085    1.250061    0.338490 
   9          6             0        2.191283    0.507672    0.072012 
  10          6             0        2.833373   -0.239530    1.033785 
  11          1             0       -1.591479    2.380869   -0.141900 
  12          1             0       -2.193735    1.214350   -1.307714 
  13          1             0       -3.299893    0.804889    0.832785 
  14          1             0       -1.768761    0.699249    1.685629 
  15          1             0       -2.751467   -1.239407   -0.478570 
  16          1             0       -2.644141   -1.585998    1.242101 
  17          1             0       -0.658990   -2.535332    0.007035 
  18          1             0       -0.160043   -1.323413    1.175608 
  19          1             0       -0.486720   -0.956687   -1.844858 
  20          1             0        0.155999    1.306019   -1.669182 
  21          1             0        1.087278    2.331963    0.291459 
  22          1             0        0.555903    1.026975    1.351859 
  23          1             0        2.760985    0.817409   -0.799230 
  24          1             0        3.803853   -0.686126    0.845070 
  25          1             0        2.346753   -0.482306    1.974333 
--------------------------------------------------------------------- 
 Zero-point correction=                     0.222220 (Hartree/Particle) 
 Thermal correction to Energy=              0.231299 
 Thermal correction to Enthalpy=            0.232244 
 Thermal correction to Gibbs Free Energy=   0.187914 
 Sum of electronic and zero-point Energies=           -426.939071 
 Sum of electronic and thermal Energies=              -426.929991 
 Sum of electronic and thermal Enthalpies=            -426.929047 
 Sum of electronic and thermal Free Energies=         -426.973376 
 










Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.158957    0.859034   -0.707305 
   2          6             0       -1.587306    1.297945   -0.382552 
   3          6             0       -2.236148    0.468841    0.724678 
   4          6             0       -2.142917   -1.024276    0.423063 
   5          6             0       -0.691569   -1.453166    0.225974 
   6          6             0       -0.016670   -0.656278   -0.887260 
   7          8             0        1.333381   -0.946677   -1.033782 
   8          6             0        0.888373    1.240000    0.345333 
   9          6             0        2.161648    0.494101    0.071337 
  10          6             0        2.803833   -0.243517    1.032443 
  11          1             0       -1.597754    2.356008   -0.122567 
  12          1             0       -2.190942    1.200841   -1.285686 
  13          1             0       -3.276206    0.768316    0.840419 
  14          1             0       -1.751949    0.672364    1.680205 
  15          1             0       -2.715336   -1.244787   -0.480235 
  16          1             0       -2.599317   -1.601763    1.224657 
  17          1             0       -0.622125   -2.512386   -0.011270 
  18          1             0       -0.136446   -1.308726    1.152234 
  19          1             0       -0.476790   -0.936801   -1.842628 
  20          1             0        0.144457    1.319500   -1.647073 
  21          1             0        1.074017    2.312749    0.313783 
  22          1             0        0.538646    1.006903    1.347895 
  23          1             0        2.734780    0.816934   -0.782184 
  24          1             0        3.767578   -0.684834    0.844502 
  25          1             0        2.318615   -0.487014    1.963935 
--------------------------------------------------------------------- 
 
Zero-point correction=                     0.230391 (Hartree/Particle) 
Thermal correction to Energy=              0.239135 
Thermal correction to Enthalpy=            0.240079 
Thermal correction to Gibbs Free Energy=   0.196369 
Sum of electronic and zero-point Energies=           -426.660375 
Sum of electronic and thermal Energies=              -426.651630 
Sum of electronic and thermal Enthalpies=            -426.650686 




0.5154782,0.6274927\PG=C0 1 [X(C9H15O1)]\NImag=1\\@ 





Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.161510    0.864551   -0.703166 
   2          6             0       -1.589369    1.297132   -0.374888 
   3          6             0       -2.234130    0.459018    0.726440 
   4          6             0       -2.136286   -1.030719    0.415247 
   5          6             0       -0.684602   -1.452655    0.216908 
   6          6             0       -0.011146   -0.648020   -0.890450 
   7          8             0        1.336895   -0.930297   -1.034634 
   8          6             0        0.886091    1.240080    0.349639 
   9          6             0        2.155543    0.489400    0.073303 
  10          6             0        2.790414   -0.251624    1.032812 
  11          1             0       -1.603503    2.351969   -0.108263 
  12          1             0       -2.192615    1.203928   -1.277082 
  13          1             0       -3.273630    0.753927    0.844943 
  14          1             0       -1.750478    0.657520    1.681782 
  15          1             0       -2.705800   -1.246283   -0.489483 
  16          1             0       -2.591941   -1.613949    1.211040 
  17          1             0       -0.609671   -2.508756   -0.025844 
  18          1             0       -0.131455   -1.310885    1.143203 
  19          1             0       -0.468170   -0.925427   -1.846755 
  20          1             0        0.140289    1.329321   -1.639561 
  21          1             0        1.076716    2.310509    0.320240 
  22          1             0        0.536507    1.006145    1.350514 
  23          1             0        2.735195    0.822071   -0.770038 
  24          1             0        3.753930   -0.691778    0.848653 
  25          1             0        2.299442   -0.498921    1.958654 
--------------------------------------------------------------------- 
 
Zero-point correction=                     0.229641 (Hartree/Particle) 
Thermal correction to Energy=              0.238379 
Thermal correction to Enthalpy=            0.239323 
Thermal correction to Gibbs Free Energy=   0.195648 
Sum of electronic and zero-point Energies=           -426.734639 
Sum of electronic and thermal Energies=              -426.725901 
Sum of electronic and thermal Enthalpies=            -426.724957 
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A8.6.2 2,4-Cis-cyclization of the cis-2-(propen-3-yl)-cyclohexyl-1-oxyl radical cis-Ic – 











Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.046643    1.184906   -0.327709 
   2          6             0       -2.283368   -0.273147   -0.747359 
   3          6             0       -1.712915   -1.246677    0.290844 
   4          6             0       -0.224975   -0.980989    0.621945 
   5          6             0        0.047994    0.505673    0.955760 
   6          6             0       -0.551640    1.451674   -0.098665 
   7          8             0        0.566770   -1.330381   -0.472855 
   8          6             0        1.591252    0.616896    1.051610 
   9          6             0        2.251327   -0.263390    0.007633 
  10          6             0        2.665339    0.210287   -1.217290 
  11          1             0       -3.355859   -0.463524   -0.878522 
  12          1             0       -1.804950   -0.455667   -1.717119 
  13          1             0       -1.815630   -2.284175   -0.045419 
  14          1             0       -2.273571   -1.159063    1.233031 
  15          1             0        0.044536   -1.587883    1.508851 
  16          1             0       -0.401861    0.740666    1.931171 
  17          1             0       -0.019753    1.320765   -1.048825 
  18          1             0       -0.390517    2.490707    0.218039 
  19          1             0       -2.436698    1.870603   -1.089877 
  20          1             0       -2.604537    1.395338    0.597352 
  21          1             0        1.902641    1.660436    0.922569 
  22          1             0        1.921036    0.302450    2.047829 
  23          1             0        2.682195   -1.197670    0.354372 
  24          1             0        3.190765   -0.432032   -1.916451 
  25          1             0        2.409820    1.210702   -1.554773 
--------------------------------------------------------------------- 
Zero-point correction=                       0.222239 Hartree/Particle) 
Thermal correction to Energy=                0.231425 
Thermal correction to Enthalpy=              0.232370 
Thermal correction to Gibbs Free Energy=     0.187773 
Sum of electronic and zero-point Energies=           -426.935676 
Sum of electronic and thermal Energies=              -426.926490 
Sum of electronic and thermal Enthalpies=            -426.925545 




0.6967465\ PG=C01 [X(C9H15O1)]\NImag=1\\@ 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.039282    1.158194   -0.348558 
   2          6             0       -2.259198   -0.299096   -0.740395 
   3          6             0       -1.687892   -1.240534    0.312647 
   4          6             0       -0.220484   -0.949676    0.638503 
   5          6             0        0.041868    0.526794    0.945343 
   6          6             0       -0.557854    1.440542   -0.122708 
   7          8             0        0.563063   -1.300327   -0.456441 
   8          6             0        1.571749    0.647320    1.027813 
   9          6             0        2.218623   -0.270710    0.017669 
  10          6             0        2.663106    0.168290   -1.202997 
  11          1             0       -3.320911   -0.500489   -0.872212 
  12          1             0       -1.777097   -0.492996   -1.696653 
  13          1             0       -1.778155   -2.277225   -0.002766 
  14          1             0       -2.252353   -1.141519    1.241305 
  15          1             0        0.064351   -1.544585    1.514948 
  16          1             0       -0.404376    0.778409    1.908585 
  17          1             0       -0.025073    1.294423   -1.060718 
  18          1             0       -0.407307    2.479078    0.170704 
  19          1             0       -2.431153    1.820726   -1.118205 
  20          1             0       -2.596950    1.377558    0.564503 
  21          1             0        1.881360    1.676184    0.856529 
  22          1             0        1.909695    0.373321    2.024341 
  23          1             0        2.637536   -1.189128    0.394351 
  24          1             0        3.190132   -0.492001   -1.870543 
  25          1             0        2.421986    1.154112   -1.566543 
--------------------------------------------------------------------- 
 
Zero-point correction=                       0.230385 Hartree/Particle) 
Thermal correction to Energy=                0.239244 
Thermal correction to Enthalpy=              0.240189 
Thermal correction to Gibbs Free Energy=     0.196165 
Sum of electronic and zero-point Energies=           -426.657211 
Sum of electronic and thermal Energies=              -426.648351 
Sum of electronic and thermal Enthalpies=            -426.647407 




270104,-0.636262\ PG=C01 [X(C9H15O1)]\NImag=1\\@ 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.025971    1.162331   -0.345471 
   2          6             0       -2.246112   -0.291362   -0.745992 
   3          6             0       -1.688134   -1.237340    0.308171 
   4          6             0       -0.222046   -0.952131    0.637143 
   5          6             0        0.044988    0.519627    0.957138 
   6          6             0       -0.546887    1.440787   -0.107446 
   7          8             0        0.554644   -1.289130   -0.462566 
   8          6             0        1.574492    0.626376    1.036160 
   9          6             0        2.204342   -0.279309    0.004676 
  10          6             0        2.639209    0.180110   -1.209072 
  11          1             0       -3.305112   -0.488694   -0.892493 
  12          1             0       -1.751273   -0.483191   -1.694455 
  13          1             0       -1.778296   -2.271127   -0.011936 
  14          1             0       -2.257600   -1.139906    1.232363 
  15          1             0        0.062909   -1.555381    1.506429 
  16          1             0       -0.398450    0.768160    1.920572 
  17          1             0       -0.009939    1.298772   -1.041796 
  18          1             0       -0.396832    2.476199    0.191902 
  19          1             0       -2.409817    1.828554   -1.113906 
  20          1             0       -2.589857    1.378040    0.563048 
  21          1             0        1.893739    1.653557    0.883319 
  22          1             0        1.912722    0.329299    2.024369 
  23          1             0        2.630903   -1.198968    0.364825 
  24          1             0        3.160004   -0.468006   -1.891180 
  25          1             0        2.396462    1.171192   -1.552380 
--------------------------------------------------------------------- 
 
Zero-point correction=                       0.229626 Hartree/Particle) 
Thermal correction to Energy=                0.238470 
Thermal correction to Enthalpy=              0.239414 
Thermal correction to Gibbs Free Energy=     0.195476 
Sum of electronic and zero-point Energies=           -426.731832 
Sum of electronic and thermal Energies=              -426.722988 
Sum of electronic and thermal Enthalpies=            -426.722044 
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A8.6.3 2,4-Trans-cyclization of the cis-2-(propen-3-yl)-cyclohexyl-1-oxyl radical cis-Ic –












Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.340459    0.863904   -0.318391 
   2          6             0       -2.344848   -0.659723   -0.510351 
   3          6             0       -1.486153   -1.354278    0.554071 
   4          6             0       -0.047767   -0.785489    0.643937 
   5          6             0       -0.018969    0.756756    0.732773 
   6          6             0       -0.906893    1.414595   -0.339413 
   7          8             0        0.657474   -1.168164   -0.500942 
   8          6             0        1.475025    1.118915    0.574153 
   9          6             0        2.099240    0.292563   -0.526021 
  10          6             0        3.209084   -0.493536   -0.324268 
  11          1             0       -3.370134   -1.047236   -0.462311 
  12          1             0       -1.957984   -0.903217   -1.507389 
  13          1             0       -1.425036   -2.432223    0.370363 
  14          1             0       -1.944270   -1.221706    1.544801 
  15          1             0        0.420420   -1.208518    1.552061 
  16          1             0       -0.373565    1.076100    1.723853 
  17          1             0       -0.475948    1.235569   -1.332652 
  18          1             0       -0.911132    2.501839   -0.187017 
  19          1             0       -2.940132    1.349126   -1.098198 
  20          1             0       -2.815976    1.113000    0.642373 
  21          1             0        1.588828    2.187412    0.347812 
  22          1             0        2.006374    0.927932    1.514137 
  23          1             0        1.838621    0.550549   -1.547952 
  24          1             0        3.695250   -1.004282   -1.148738 
  25          1             0        3.575328   -0.701275    0.677453 
--------------------------------------------------------------------- 
Zero-point correction=                      0.222461 (Hartree/Particle) 
Thermal correction to Energy=               0.231577 
Thermal correction to Enthalpy=             0.232521 
Thermal correction to Gibbs Free Energy=    0.188147 
Sum of electronic and zero-point Energies=           -426.939500 
Sum of electronic and thermal Energies=              -426.930385 
Sum of electronic and thermal Enthalpies=            -426.929440 










Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.325483    0.845823   -0.316652 
   2          6             0       -2.316711   -0.667520   -0.504806 
   3          6             0       -1.461448   -1.345882    0.558762 
   4          6             0       -0.045209   -0.768451    0.644984 
   5          6             0       -0.020791    0.759406    0.728571 
   6          6             0       -0.906159    1.403221   -0.339000 
   7          8             0        0.651963   -1.139501   -0.502145 
   8          6             0        1.458868    1.119031    0.560039 
   9          6             0        2.068449    0.273562   -0.525401 
  10          6             0        3.183148   -0.493644   -0.314657 
  11          1             0       -3.330921   -1.060730   -0.461478 
  12          1             0       -1.925165   -0.907296   -1.491789 
  13          1             0       -1.393375   -2.416155    0.380308 
  14          1             0       -1.923386   -1.215047    1.538508 
  15          1             0        0.438030   -1.184355    1.535403 
  16          1             0       -0.371677    1.079317    1.711108 
  17          1             0       -0.476209    1.225331   -1.323746 
  18          1             0       -0.917815    2.482467   -0.190585 
  19          1             0       -2.924314    1.320575   -1.091765 
  20          1             0       -2.799031    1.090654    0.636511 
  21          1             0        1.575966    2.174843    0.318346 
  22          1             0        1.992030    0.940393    1.491697 
  23          1             0        1.819177    0.526433   -1.542434 
  24          1             0        3.664428   -1.012036   -1.126194 
  25          1             0        3.548575   -0.681660    0.682223 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.230582 (Hartree/Particle) 
Thermal correction to Energy=               0.239372 
Thermal correction to Enthalpy=             0.240316 
Thermal correction to Gibbs Free Energy=    0.196530 
Sum of electronic and zero-point Energies=           -426.661020 
Sum of electronic and thermal Energies=              -426.652230 
Sum of electronic and thermal Enthalpies=            -426.651286 










Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.320750    0.838495   -0.320322 
   2          6             0       -2.304577   -0.674158   -0.504201 
   3          6             0       -1.453505   -1.344449    0.566021 
   4          6             0       -0.040832   -0.761990    0.647523 
   5          6             0       -0.020009    0.764923    0.732268 
   6          6             0       -0.905333    1.402729   -0.337459 
   7          8             0        0.644376   -1.124511   -0.505384 
   8          6             0        1.458183    1.122022    0.555690 
   9          6             0        2.059040    0.268105   -0.527803 
  10          6             0        3.166049   -0.503993   -0.313467 
  11          1             0       -3.316017   -1.071157   -0.469190 
  12          1             0       -1.902295   -0.914631   -1.485092 
  13          1             0       -1.379204   -2.413384    0.390764 
  14          1             0       -1.918610   -1.212144    1.542572 
  15          1             0        0.448951   -1.177776    1.532745 
  16          1             0       -0.367954    1.087416    1.713143 
  17          1             0       -0.471710    1.225389   -1.319037 
  18          1             0       -0.923179    2.480761   -0.191497 
  19          1             0       -2.917108    1.307670   -1.098676 
  20          1             0       -2.799868    1.083165    0.628572 
  21          1             0        1.576509    2.174557    0.307129 
  22          1             0        1.994445    0.947273    1.484554 
  23          1             0        1.819855    0.527932   -1.543818 
  24          1             0        3.647024   -1.023953   -1.122434 
  25          1             0        3.524553   -0.695131    0.683846 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.229847 (Hartree/Particle) 
Thermal correction to Energy=               0.238622 
Thermal correction to Enthalpy=             0.239566 
Thermal correction to Gibbs Free Energy=    0.195836 
Sum of electronic and zero-point Energies=           -426.735746 
Sum of electronic and thermal Energies=              -426.726971 
Sum of electronic and thermal Enthalpies=            -426.726027 
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A8.6.4 2,4-Trans-cyclization of the cis-2-(propen-3-yl)-cyclohexyl-1-oxyl radical cis-Ic– 











Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.080694   -0.688968   -0.549603 
   2          6             0        1.281062   -1.404981   -0.601757 
   3          6             0        2.322540   -0.820227    0.367024 
   4          6             0        2.465835    0.696411    0.172446 
   5          6             0        1.113062    1.403655    0.345828 
   6          6             0        0.043968    0.860041   -0.624932 
   7          8             0       -1.209798    1.416959   -0.372150 
   8          6             0       -0.939900   -0.994974    0.697431 
   9          6             0       -2.150899   -0.091197    0.692258 
  10          6             0       -3.217110   -0.299271   -0.149539 
  11          1             0        1.138218   -2.477067   -0.412040 
  12          1             0        1.673647   -1.325833   -1.625030 
  13          1             0        3.286521   -1.320366    0.213208 
  14          1             0        2.031118   -1.026442    1.406261 
  15          1             0        2.862032    0.897176   -0.834046 
  16          1             0        3.197317    1.106023    0.879630 
  17          1             0        1.210622    2.483435    0.185365 
  18          1             0        0.753786    1.275315    1.375305 
  19          1             0        0.340400    1.109213   -1.660951 
  20          1             0       -0.667064   -0.995535   -1.425263 
  21          1             0       -1.247855   -2.047791    0.677143 
  22          1             0       -0.364791   -0.845988    1.615914 
  23          1             0       -2.287264    0.579431    1.534192 
  24          1             0       -4.095539    0.335727   -0.109118 
  25          1             0       -3.179948   -1.045893   -0.938315 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.222155 (Hartree/Particle) 
Thermal correction to Energy=               0.231375 
Thermal correction to Enthalpy=             0.232319 
Thermal correction to Gibbs Free Energy=    0.187557 
Sum of electronic and zero-point Energies=           -426.936270 
Sum of electronic and thermal Energies=              -426.927050 
Sum of electronic and thermal Enthalpies=            -426.926105 










Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.067174   -0.690357   -0.561013 
   2          6             0        1.291641   -1.390129   -0.599293 
   3          6             0        2.306269   -0.799870    0.377787 
   4          6             0        2.434088    0.708480    0.189453 
   5          6             0        1.079942    1.393555    0.346369 
   6          6             0        0.045286    0.839954   -0.632643 
   7          8             0       -1.215235    1.381004   -0.406643 
   8          6             0       -0.921173   -0.995161    0.674864 
   9          6             0       -2.107950   -0.069296    0.679072 
  10          6             0       -3.208051   -0.302670   -0.102561 
  11          1             0        1.158085   -2.455407   -0.413790 
  12          1             0        1.693963   -1.305092   -1.609329 
  13          1             0        3.270754   -1.284201    0.236593 
  14          1             0        2.005972   -1.009773    1.404745 
  15          1             0        2.835974    0.914262   -0.804590 
  16          1             0        3.146900    1.121119    0.900761 
  17          1             0        1.165294    2.467001    0.192511 
  18          1             0        0.712296    1.257273    1.363140 
  19          1             0        0.343342    1.105692   -1.652839 
  20          1             0       -0.642704   -1.003619   -1.431076 
  21          1             0       -1.248339   -2.032729    0.649757 
  22          1             0       -0.345970   -0.864309    1.586405 
  23          1             0       -2.214715    0.607212    1.509763 
  24          1             0       -4.073764    0.334642   -0.047796 
  25          1             0       -3.202481   -1.067153   -0.863325 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.230229 (Hartree/Particle) 
Thermal correction to Energy=               0.239133 
Thermal correction to Enthalpy=             0.240077 
Thermal correction to Gibbs Free Energy=    0.195773 
Sum of electronic and zero-point Energies=           -426.657300 
Sum of electronic and thermal Energies=              -426.648396 
Sum of electronic and thermal Enthalpies=            -426.647452 




0.6258052\ PG=C01 [X(C9H15O1)]\NImag=1\\@ 





Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.072995   -0.691850   -0.548277 
   2          6             0        1.282852   -1.393849   -0.591531 
   3          6             0        2.305213   -0.799464    0.372881 
   4          6             0        2.435651    0.705568    0.170442 
   5          6             0        1.085900    1.393737    0.334989 
   6          6             0        0.037811    0.837680   -0.627541 
   7          8             0       -1.213219    1.381447   -0.376521 
   8          6             0       -0.921218   -0.984752    0.692152 
   9          6             0       -2.113542   -0.067504    0.675616 
  10          6             0       -3.188505   -0.305311   -0.133198 
  11          1             0        1.149098   -2.456274   -0.398656 
  12          1             0        1.677382   -1.315995   -1.603797 
  13          1             0        3.265891   -1.287370    0.229451 
  14          1             0        2.011489   -0.999291    1.402348 
  15          1             0        2.827102    0.901114   -0.828366 
  16          1             0        3.156065    1.121733    0.869646 
  17          1             0        1.170689    2.464684    0.173599 
  18          1             0        0.727543    1.264898    1.354538 
  19          1             0        0.321071    1.098918   -1.651606 
  20          1             0       -0.653214   -1.008237   -1.412165 
  21          1             0       -1.240962   -2.023439    0.686004 
  22          1             0       -0.348272   -0.832093    1.599996 
  23          1             0       -2.248657    0.594730    1.511471 
  24          1             0       -4.062686    0.319040   -0.092159 
  25          1             0       -3.153782   -1.059536   -0.901332 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.229526 (Hartree/Particle) 
Thermal correction to Energy=               0.238410 
Thermal correction to Enthalpy=             0.239354 
Thermal correction to Gibbs Free Energy=    0.195181 
Sum of electronic and zero-point Energies=           -426.731636 
Sum of electronic and thermal Energies=              -426.722752 
Sum of electronic and thermal Enthalpies=            -426.721808 
Sum of electronic and thermal Free Energies=         -426.765981 
 
Version=AM64L-G03RevE.01\State=2-A\HF=-426.9611614\S2=0.830117\S2-1=0.\ 
S2A=0.750727\RMSD=2.042e-09\RMSF=5.079e-07\ Dipole=-0.2518872, 0.4899384, 
0.5523471\ PG=C01 [X(C9H15O1)]\NImag=1\\@ 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.269145    1.487036    0.191899 
   2          6             0       -0.066135    0.707719   -0.345332 
   3          6             0       -0.017982   -0.722780    0.211324 
   4          6             0       -1.298352   -1.492988   -0.166465 
   5          6             0       -2.532278   -0.729697    0.354086 
   6          6             0       -2.572456    0.730549   -0.132374 
   7          1             0       -1.300613    2.498149   -0.234002 
   8          1             0       -1.172356    1.607490    1.281142 
   9          1             0       -0.166065    0.615574   -1.437641 
  10          6             0        1.329759    1.280757   -0.043101 
  11          8             0        1.113224   -1.354020   -0.303831 
  12          1             0        0.024979   -0.673029    1.318137 
  13          1             0       -1.259981   -2.504525    0.251664 
  14          1             0       -1.338705   -1.592597   -1.258768 
  15          1             0       -2.526488   -0.743939    1.453181 
  16          1             0       -3.444647   -1.252881    0.042670 
  17          1             0       -3.430181    1.249246    0.312879 
  18          1             0       -2.730332    0.743507   -1.220271 
  19          6             0        2.367299    0.236186   -0.385517 
  20          6             0        3.325808   -0.183773    0.513203 
  21          1             0        1.513288    2.194384   -0.623147 
  22          1             0        1.405447    1.545838    1.019472 
  23          1             0        2.547147    0.059920   -1.442106 
  24          1             0        4.124277   -0.853530    0.212033 
  25          1             0        3.249340    0.060495    1.569065 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.222307 (Hartree/Particle) 
Thermal correction to Energy=               0.231434 
Thermal correction to Enthalpy=             0.232378 
Thermal correction to Gibbs Free Energy=    0.187942 
Sum of electronic and zero-point Energies=           -426.941556 
Sum of electronic and thermal Energies=              -426.932430 
Sum of electronic and thermal Enthalpies=            -426.931485 





274 ANHANG A 




Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.262342    1.475193    0.189203 
   2          6             0       -0.067331    0.705187   -0.349589 
   3          6             0       -0.017679   -0.711211    0.203832 
   4          6             0       -1.281367   -1.482448   -0.162170 
   5          6             0       -2.507316   -0.729377    0.360264 
   6          6             0       -2.554291    0.719074   -0.128116 
   7          1             0       -1.297811    2.478341   -0.233470 
   8          1             0       -1.162215    1.594206    1.269887 
   9          1             0       -0.169533    0.613649   -1.433327 
  10          6             0        1.316529    1.273966   -0.049912 
  11          8             0        1.108010   -1.333382   -0.316657 
  12          1             0        0.041179   -0.660461    1.299402 
  13          1             0       -1.238758   -2.485952    0.253773 
  14          1             0       -1.328475   -1.582872   -1.245941 
  15          1             0       -2.493790   -0.738867    1.451070 
  16          1             0       -3.413455   -1.251766    0.059624 
  17          1             0       -3.406766    1.231409    0.313998 
  18          1             0       -2.712855    0.727280   -1.207484 
  19          6             0        2.342311    0.222706   -0.378296 
  20          6             0        3.295727   -0.180819    0.523586 
  21          1             0        1.508520    2.176048   -0.628981 
  22          1             0        1.389348    1.541319    1.003711 
  23          1             0        2.533174    0.048224   -1.424505 
  24          1             0        4.086004   -0.852318    0.234845 




Zero-point correction=                     0.230395 (Hartree/Particle) 
Thermal correction to Energy=              0.239204 
Thermal correction to Enthalpy=            0.240148 
Thermal correction to Gibbs Free Energy=   0.196275 
Sum of electronic and zero-point Energies=           -426.662633 
Sum of electronic and thermal Energies=              -426.653825 
Sum of electronic and thermal Enthalpies=            -426.652880 




-0.2385617, -0.6033449\PG=C01 [X(C9H15O1)]\NImag=1\\@ 
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Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.264157    1.473962    0.191220 
   2          6             0       -0.069204    0.708078   -0.348916 
   3          6             0       -0.012951   -0.707690    0.202645 
   4          6             0       -1.273044   -1.482038   -0.162735 
   5          6             0       -2.500655   -0.734505    0.359555 
   6          6             0       -2.552499    0.713674   -0.126178 
   7          1             0       -1.304250    2.476100   -0.229589 
   8          1             0       -1.163657    1.591771    1.270643 
   9          1             0       -0.173324    0.614040   -1.430850 
  10          6             0        1.314793    1.275546   -0.053913 
  11          8             0        1.109663   -1.323005   -0.322037 
  12          1             0        0.045548   -0.657109    1.297250 
  13          1             0       -1.225354   -2.484582    0.251237 
  14          1             0       -1.317339   -1.581086   -1.245458 
  15          1             0       -2.485971   -0.745064    1.448969 
  16          1             0       -3.404515   -1.258160    0.059706 
  17          1             0       -3.405851    1.221309    0.315997 
  18          1             0       -2.710715    0.722755   -1.204216 
  19          6             0        2.336818    0.219269   -0.376922 
  20          6             0        3.281797   -0.183662    0.529553 
  21          1             0        1.509221    2.172237   -0.637777 
  22          1             0        1.389112    1.547850    0.996868 
  23          1             0        2.538039    0.051585   -1.420704 
  24          1             0        4.073742   -0.853345    0.246180 
  25          1             0        3.192625    0.069947    1.572197 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.229616 (Hartree/Particle) 
Thermal correction to Energy=               0.238423 
Thermal correction to Enthalpy=             0.239367 
Thermal correction to Gibbs Free Energy=    0.195515 
Sum of electronic and zero-point Energies=           -426.736508 
Sum of electronic and thermal Energies=              -426.727701 
Sum of electronic and thermal Enthalpies=            -426.726757 
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A8.6.6 2,4-Trans-cyclization of the trans-2-(propen-3-yl)-cyclohexyl-1-oxyl radical  trans-Ic 
– transition structure TS2-trans-Ic 
 







Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.215797    1.501487   -0.128538 
   2          6             0       -0.046238    0.670926    0.116799 
   3          6             0        0.092562   -0.751700   -0.463683 
   4          6             0        1.287423   -1.472635    0.184374 
   5          6             0        2.576392   -0.659417   -0.039600 
   6          6             0        2.447691    0.789408    0.464002 
   7          1             0        1.107902    2.501398    0.311393 
   8          1             0        1.355404    1.646505   -1.209799 
   9          1             0       -0.183616    0.552596    1.201933 
  10          6             0       -1.361282    1.213424   -0.470822 
  11          8             0       -1.109155   -1.426734   -0.267398 
  12          1             0        0.298614   -0.643904   -1.549473 
  13          1             0        1.385307   -2.478393   -0.238993 
  14          1             0        1.084634   -1.591222    1.256786 
  15          1             0        2.814512   -0.648620   -1.112850 
  16          1             0        3.418628   -1.155520    0.457855 
  17          1             0        3.357876    1.353000    0.225602 
  18          1             0        2.362204    0.783529    1.560055 
  19          6             0       -2.422500    0.141233   -0.325700 
  20          6             0       -3.079884   -0.074217    0.866698 
  21          1             0       -1.667299    2.130457    0.047315 
  22          1             0       -1.220049    1.465992   -1.528137 
  23          1             0       -2.867135   -0.255699   -1.232381 
  24          1             0       -3.872608   -0.810493    0.944637 
  25          1             0       -2.760900    0.413191    1.784067 
--------------------------------------------------------------------- 
 
Zero-point correction=                     0.222034 (Hartree/Particle) 
Thermal correction to Energy=              0.231254 
Thermal correction to Enthalpy=            0.232199 
Thermal correction to Gibbs Free Energy=   0.187429 
Sum of electronic and zero-point Energies=           -426.938864 
Sum of electronic and thermal Energies=              -426.929644 
Sum of electronic and thermal Enthalpies=            -426.928699 










Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.215713    1.490569   -0.123185 
   2          6             0       -0.038993    0.669253    0.128272 
   3          6             0        0.092405   -0.735954   -0.448360 
   4          6             0        1.276049   -1.463973    0.177940 
   5          6             0        2.557309   -0.660407   -0.052488 
   6          6             0        2.438184    0.776250    0.456725 
   7          1             0        1.115720    2.483173    0.313935 
   8          1             0        1.348040    1.633205   -1.197319 
   9          1             0       -0.171566    0.553711    1.205923 
  10          6             0       -1.343838    1.209878   -0.451594 
  11          8             0       -1.100347   -1.408625   -0.228930 
  12          1             0        0.277588   -0.639348   -1.528034 
  13          1             0        1.365922   -2.460597   -0.247564 
  14          1             0        1.085186   -1.584823    1.243770 
  15          1             0        2.782921   -0.644328   -1.119817 
  16          1             0        3.396011   -1.157688    0.430826 
  17          1             0        3.343457    1.331734    0.218952 
  18          1             0        2.357906    0.764342    1.544698 
  19          6             0       -2.387891    0.125546   -0.337316 
  20          6             0       -3.097891   -0.069437    0.821072 
  21          1             0       -1.664487    2.106306    0.075110 
  22          1             0       -1.199065    1.480350   -1.495604 
  23          1             0       -2.796776   -0.272724   -1.250310 
  24          1             0       -3.883907   -0.802979    0.873791 
  25          1             0       -2.820453    0.428313    1.736696 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.230126 (Hartree/Particle) 
Thermal correction to Energy=               0.239044 
Thermal correction to Enthalpy=             0.239988 
Thermal correction to Gibbs Free Energy=    0.195687 
Sum of electronic and zero-point Energies=           -426.659649 
Sum of electronic and thermal Energies=              -426.650731 
Sum of electronic and thermal Enthalpies=            -426.649787 












Center     Atomic        Atomic           Coordinates (Angstroms) 
Number     Number         Type           X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.215024    1.489608   -0.126243 
   2          6             0       -0.041572    0.672312    0.118676 
   3          6             0        0.088826   -0.731586   -0.459365 
   4          6             0        1.262312   -1.463609    0.177185 
   5          6             0        2.547807   -0.666130   -0.041387 
   6          6             0        2.429827    0.771484    0.462767 
   7          1             0        1.116745    2.481602    0.308971 
   8          1             0        1.354568    1.630375   -1.198285 
   9          1             0       -0.177014    0.554638    1.194335 
  10          6             0       -1.344879    1.208583   -0.463400 
  11          8             0       -1.106034   -1.398181   -0.257969 
  12          1             0        0.288374   -0.629469   -1.535204 
  13          1             0        1.350710   -2.459549   -0.246681 
  14          1             0        1.058788   -1.583080    1.239511 
  15          1             0        2.782195   -0.652979   -1.105475 
  16          1             0        3.379949   -1.163892    0.449310 
  17          1             0        3.337951    1.321906    0.230987 
  18          1             0        2.341354    0.762381    1.548782 
  19          6             0       -2.386027    0.125233   -0.325103 
  20          6             0       -3.055325   -0.073138    0.852973 
  21          1             0       -1.663320    2.111890    0.049771 
  22          1             0       -1.203853    1.460713   -1.511010 
  23          1             0       -2.828604   -0.259772   -1.226053 
  24          1             0       -3.843955   -0.799949    0.927366 
  25          1             0       -2.741573    0.414089    1.760807 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.229373 (Hartree/Particle) 
Thermal correction to Energy=               0.238275 
Thermal correction to Enthalpy=             0.239219 
Thermal correction to Gibbs Free Energy=    0.195020 
Sum of electronic and zero-point Energies=           -426.733601 
Sum of electronic and thermal Energies=              -426.724700 
Sum of electronic and thermal Enthalpies=            -426.723755 







TWO ROADS DIVERGED IN A WOOD, AND I-- 
I TOOK THE ONE LESS TRAVELED BY, 
AND THAT HAS MADE ALL THE DIFFERENCE. 
                       -- ROBERT FROST  
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A9 Crystallography 
The applied model for solving the crystal structure uses restraints for fixing carbons 2 and 4, 
nitrogen N3/N3a, and oxygen 1/1a in a plane. Treating residual electron density as 
systematic disordering leads to a 78/22-ratio of diastereomers of 3-[(1-methylcyclohex-1-
en-4-yl)-methyloxy]-4-methylthiazole-2(3H)-thione (1g) at crystallographic independent 
positions. The diastereomers differ in configuration at C8 and C8a with respect to 
configuration at the stereogenic N,O-bond. The minor diastereomer (population of 22%) is 




Figure A146. Ellipsoid graphic of (S,P)/(R,M)-3-[(1-methylcyclohex-1-en-4-yl)-methoxy]-4-
methylthiazole-2(3H)-thione (S,P)/(R,M)-(1g) in the solid state [minor diastereomer at 150 K; 
the (S,P)-isomer was arbitrarily chosen from the racemate for presentation (50% probability 
level); hydrogen atoms are drawn as circles of an arbitrary radius; oxygen is depicted in red, 
nitrogen in blue, and sulfur in orange; for depiction of the minor diastereomer see the ESI]. 
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B1 General Remarks: (i) The compound numbering in the Supplementary data is 
consistent with that of the associated publication. (ii) References refer exclusively to the 
Supplementary data. (iii) All compounds used in this study were racemic. 
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B2 Instrumentation 
Melting points [°C] were determined on an Electrothermal 9100 instrument. Values were 
not corrected.  
1H and 13C NMR spectra were recorded with FT-NMR DPX 200, DPX 400 and DMX 600 
instruments (Bruker). Chemical shifts refer to the δ-scale. The resonances of residual 
protons and those of carbons of deuterated solvent molecules CDCl3 (H 7.26, C 77.0), C6D6 
(H 7.16, C 128.06) served as internal standard.  
Mass spectra (EI, 70 eV) were recorded with a Mass Selective Detector HP 6890 (Hewlett 
Packard).  
UV/Vis spectra were recorded with a Perkin Elmer UV/Vis 330 spectrometer and a Cary 100 
Conc spectrometer (VARIAN). 
Reaction progress was monitored via thin layer chromatography (tlc) on aluminum sheets 
coated with silica gel (60 F254, Merck). Compounds were detected on developed tlc sheets 
via UV-light aďsorptioŶ ;Ϯϱϰ ŶŵͿ or staiŶiŶg ǁith a solutioŶ of Ekkert’s reageŶt, prepared 
from anisaldehyde (15 g), EtOH (250 mL), and conc. H2SO4 (2.5 mL).
[1]
 
Combustion analysis was performed with a Carlo Erba 1106 instrument (analytical 
laboratory, Universität Würzburg) and a vario Micro cube (analytical laboratory, Technische 
Universität Kaiserslautern). 
Photochemical reactions were performed in a Southern New England Rayonet® chamber 
reactor equipped with 12 light bulbs (λ = 350 nm). The photoreactor was ventilated from 
the bottom in order to maintain approximately 25 °C inside the cavity. Stirring was achieved 
with a micro magnetic stirring device. 
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B3 Reagents 
Copper(I)-chloride (Stem Chemicals, anhydrous, 97%+), DIC (Aldrich Chemicals, 99%), 2-
methylpropan-2-ol (3a) (Riedel-de Haen 99%), 2-methylbutan-2-ol (3b) (Merck Chemicals, 
99%) and 2-phenylpropan-2-ol (3d) (Acros Chemicals 99%) were commercially available. 2-
Methyl-5-phenylpentan-2-ol (3c),[2] 2-(4-chlorophenyl)-2-propanol (3e),[3,4] and 2-phenylhex-
5-en-2-ol (3f)[5,6] were prepared according to published procedures. Column 
chromatography was performed on SiO2 (Fluka, 0.04–0.063 mm) as stationary phase. 
Petroleum ether referred to the fraction boiling between 40–55°C. All solvents were purified 
according to standard procedures.[7] 
 
B4 3-Alkoxythiazole-2(3H)-thione Reactions 
B4.1 Thermal decomposition of 3-cumyloxythiazolethione 1d. A solution of 3-
cumyloxythiazolethione 1d (185 mg, 0.50 mmol) in dry toluene (6 mL) was heated under 
reflux for 1 h. The solution was subjected to GC-analysis for identification of volatile 
products. -Methylstyrene 6. Yield: 46.1 mg (78%). Phenyl methyl ketone (7). Yield: 1.8 mg 
;ϯ%Ϳ. CoŶĐeŶtratioŶ of the solutioŶ uŶder reduĐed pressure ;ϭϬϬ → ϮϬ mbar, 40 °C) 
afforded an oil that was purified by column chromatography [elution gradient tert-butyl 
methyl ether:pentane = 1:1 → tert-butyl methyl ether:acetone = 1:1 (v/v)]. 1,2-Bis-[5-(4-
methoxyphenyl)-4-methylthiaz-3-yl]-disulfane (5).[8] Yield: 65.0 mg (27%), yellow solid, mp 
87 °C. Rf = 0.30 for tert-butyl methyl ether:pentane = 1:1 (v/v).
 1H NMR (CDCl3, 400 MHz)  
2.44 (s, 6H), 3.83 (s, 6H), 6.93 (d, 4H, J = 9.0 Hz), 7.32 (d, 4H, J = 8.7 Hz), 13C NMR (CDCl3, 101 
MHz)  16.1, 55.3, 114.2, 123.5, 130.4, 136.0, 149.0, 159.6, 160.4. 5-(p-Methoxyphenyl)-4-
methylthiazole-2(3H)-thione
 
8.[9] Yield 6.6 mg (6%), colorless crystals. Rf = 0.53 for tert-butyl 
methyl ether:acetone = 1:1 (v/v). 1H NMR (CDCl3, 400 MHz)  2.18 (s, 3H), 3.82 (s, 3H), 6.91 
(d, 2H, J = 8.6 Hz), 7.25 (d, 2H, J = 6.6 Hz), 9.98 (s, 1H). 13C NMR (CDCl3, 101 MHz)  12.7, 
55.3, 113.9, 114.2, 124.1, 124.8, 129.9, 159.1, 174.2.  
 
B4.2 Thermal conversion of 3-(2-methyl-5-phenylpent-2-oxy)-thiazole-2(3H)-thione 1c. 
An oxygen-free solution of 3-alkoxythiazolethione 1c (207 mg, 500 µmol), BrCCl3 (988 mg, 
5.00 mmol, 0.49 mL), and AIBN (spatula tip) in C6H6 (6.0 mL) was boiled under reflux in an 
atmosphere of Ar. AIBN was added in small portions (spatula tip) until complete 
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consumption of starting material 1c had occurred (tlc). The reaction mixture was allowed to 
cool to 20 °C and was concentrated under reduĐed pressure ;ϭϬϬ → ϮϬ ŵďar, ϰϬ °C). The 
residue was purified by column chromatography using pentane:Et2O = 10:1 (v/v) as eluent. 
2,2-Dimethyl-5-phenyltetrahydrofuran (10).[10] Yield: 53.6 mg (61%), colorless liquid. Rf = 
0.80 for pentane:Et2O = 10:1 (v/v).  
 
B4.3 Analytical scale reactions (NMR analysis) 
B4.3.1 Photochemical conversion. A solution of 3-alkoxythiazolethione 1c (16.9 mg, 40.9 
µmol) and BrCCl3 (169 mg, 0.85 mmol) in C6D6 (0.50 mL) was prepared as described in 
section 4.3.1 of the associated publication. The solution was photolyzed for 45 min at 25 °C 
and left for additional 48 h at that temparature. It was checked in intervals for changes in 
9/10-ratios (1H NMR) using p-bromobenzaldehyde ( = 9.41) as internal standard: 2,2-
Dimethyl-5-phenyltetrahydrofuran (10).[10] Yield: 1.6 mg (22%, after 2 h), 3.3 mg (46%, after 
48 h). 1H NMR (C6D6, 400 MHz)  1.24 (s, 3H), 1.28 (s, 3H), 1.46–1.58 (m, 2H), 1.62–1.72 (m, 
1H), 1.96–2.03 (m, 1H), 4.88 (t, 1H, J = 7.5 Hz), 7.09–7.13 (m, 1H), 7.20–7.24 (m, 2H), 7.39–
7.40 (m, 2H). 13C NMR (C6D6, 151 MHz)  28.5, 29.2, 35.9, 39.1, 80.4, 80.9, 126.0, 127.2, 
128.5, 144.7. 5-Bromo-2-methyl-5-phenylpentan-2-ol (9). Yield: 4.3 mg (44%, after 2 h), 0.5 
mg (5%, after 48 h). 1H NMR (C6D6, 600 MHz)  0.92 (s, 3H), 0.93 (s, 3H), 1.14–1.19 (m, 1H), 
1.44–1.49 (m, 1H), 2.10–2.18 (m, 1H), 2.26–2.32 (m, 1H), 4.73 (t, 1H, J = 7.6 Hz), 7.0–7.08 (m, 
3H), 7.20–7.21 (m, 2H). 13C NMR (C6D6, 151 MHz)  29.3, 29.5, 35.3, 43.6, 56.3, 69.7, 127.6, 
128.3, 128.8, 142.7.  
 
B4.3.2 Thermal conversion. A solution of 3-alkoxythiazolethione 1c (20.7 mg, 50.0 µmol) 
and BrCCl3 (98.8 mg, 500 µmol, 0.05 mL) in C6D6 (0.60 mL) was prepared and treated as 
described in procedure 4.2. 2,2-Dimethyl-5-phenyltetrahydrofuran (10).[10] Yield: 7.40 mg 
(84%), determined via 1H NMR versus anisole ( = 3.29) as internal standard. 
 
B4.4 Thermally conversion of 3-(1-methyl-1-phenylpent-4-enyl-1-oxy)-thiazole-thione 1f. 
A solution of thiazolethione 1f (90.0 mg, 219 mol) and BrCCl3 (434 mg, 2.19 mmol, 0.22 mL) 
was prepared and treated as described in procedure 4.2. Reaction time: 30 min. Products 
identified from the reaction mixture (GC/MS versus authentic references and n-decane as 
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internal standard). Phenyl methyl ketone (7). Yield: 2.71 mg (10%). 2-Phenyl-5-hexene-2-ol 
(3f).[4,5] Yield: 8.37 mg (21%). MS (EI) m/z 176 (<1), 158 (32), 143 (93), 129 (94), 121 (93), 
115 (100), 105 (28)]. Eluent used for chromatographic purification: pentane:Et2O = 10:1 
(v/v). 2-Methyl-2-phenyl-5-bromomethyl-tetrahydrofuran (13).[11] Yield: 35.1 mg (63%), 
yellowish liquid, 73/27-mixture of cis/trans-isomers. Rf = 0.50 for pentane:Et2O = 10:1 (v/v).  
 
B4.5 Conversion of 3-cumyloxythiazolethione 1d in the presence of norbornene 14. 3-
cumyloxythiazolethione 1d (190 mg, 510 mol) was treated as described in procedure 4.3.1 
of the associated publication. 2-Bromo-3-trichloro-methylbicyclo[2.2.1]heptane (17). Yield: 
1.38g (92%), colorless oil, 5/95-mixture of 2-exo-3-exo/2-endo-3-exo-isomers.[12] 2-Bromo-3-
(2-phenyl-prop-2-oxy)-bicyclo[2.2.1]heptane (16d). Yield: 73.5 mg (46%), pale yellow oil, 
28/72-mixture of 2-exo-3-exo/2-endo-3-exo-isomers. Rf = 0.47 for pentane:Et2O = 20:1 (v/v). 
Anal. Calcd. for C16H21OBr (309.24): C, 62.14; H, 6.84; Found: C, 61.78; H, 6.97. 2-endo-3-exo-
(16d). 1H NMR (CDCl3, 400 MHz)  0.93–0.99 (m, 1H), 1.31–1.34 (m, 1H), 1.36–1.49 (m, 2H), 
1.54 (s, 3H), 1.59 (s, 3H), 1.73–1.83 (m, 2H), 2.05–2.06 (m, 1H), 2.36–2.39 (m, 1H), 3.20–3.22 
(m, 1H), 3.99–4.01 (m, 1H), 7.23–7.27 (m, 1H), 7.32–7.36 (m, 2H), 7.45–7.46 (m, 2H). 13C 
NMR (CDCl3, 151 MHz)  24.0, 24.6, 29.1, 29.6, 34.5, 42.8, 44.2, 63.1, 77.3, 84.4, 126.1, 
126.9, 128.1, 146.6. MS (EI) m/z 229 (6), 175 (4), 120 (43), 119 (100), 103 (9). 2-exo-3-exo-
(16d). 1H NMR (CDCl3, 400 MHz)  0.85–0.92 (m, 1H), 0.99–1.06 (m, 1H), 1.12–1.15 (m, 1H), 
1.32–1.41 (m, 1H), 1.47–1.53 (m, 1H), 1.58 (s, 3H), 1.59 (s, 3H), 2.05–2.06 (m, 1H), 2.13–2.14 
(m, 1H), 2.47–2.48 (m, 1H), 3.11 (dd, 1H, J = 5.6, 1.2 Hz), 3.93 (dd, 1H, J = 6.4, 1.9 Hz), 7.23–
7.26 (m, 1H), 7.32–7.36 (m, 2H), 7.52–7.55 (m, 2H). 13C NMR (CDCl3, 150 MHz)  25.5, 27.0, 
28.7, 33.6, 44.2, 46.5, 61.6, 76.5, 78.6, 126.4, 126.8, 128.0, 147.0. MS (EI) m/z 229 (6), 175 
(4), 120 (43), 119 (100), 103 (9). 
 
B4.6 Conversion of 3-(4-chlorocumyloxy)-thiazolethione 1e in the presence norbornene 
14. 3-(p-Chlorocumyloxy)-thiazolethione 1e (207 mg, 510 µmol) was treated as described in 
procedure 4.3.1 of the associated publication. 2-Bromo-3-trichloro-methylbicyclo-
[2.2.1]heptane (17). Yield: 1.43 g (93%), colorless oil, 7/93-mixture of 2-exo-3-exo/2-endo-3-
exo-isomers.[12] 2-endo-3-exo-2-Bromo-3-[2-(4-chlorophenyl)-prop-2-oxy]-bicyclo[2.2.1]-hep-
tane 2-endo-3-exo-(16e). Yield: 49.2 mg (28%), colorless oil. Rf = 0.46 for pentane:Et2O = 
20:1 (v/v). 2-Bromo-3-[2-(4-chlorophenyl)-prop-2-oxy]-bicyclo-[2.2.1]heptane (16e). Yield: 
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27.7 mg (16%), colorless oil, 75/25-mixture of 2-exo-3-exo/2-endo-3-exo-isomers. Rf = 0.45 
for pentane:Et2O = 20:1 (v/v). Anal. Calcd. for C16H20OBrCl (343.68): C, 55.92; H, 5.87; Found: 
C, 56.04; H, 5.98. 2-endo-3-exo-(16e). 1H NMR (CDCl3, 400 MHz)  0.94–1.00 (m, 1H), 1.31–
1.34 (m, 1H), 1.37–1.48 (m, 2H), 1.51 (s, 3H), 1.55 (s, 3H), 1.73–1.81 (m, 2H), 2.04 (d, 1H, J = 
4.7 Hz), 2.38–2.40 (m, 1H), 3.18 (t, 1H, J = 2.0 Hz), 3.97–3.98 (m, 1H), 7.29–7.31 (m, 2H), 
7.37–7.39 (m, 2H). 13C NMR (CDCl3, 151 MHz)  23.9, 24.6, 29.2, 29.5, 34.5, 42.7, 44.2, 62.8, 
84.6, 127.6, 128.2, 132.7, 145.3. 13C NMR (C6D6, 151 MHz)  24.2, 24.6, 28.9, 29.7, 34.5, 
43.0, 44.5, 63.0, 77.0, 84.8, 127.8, 128.2, 133.1, 145.6. MS (EI ) m/z 309 (1) 307 (1), 175 (2), 
155 (63), 137 (3), 125 (34), 115 (6). 2-exo-3-exo-(16e). 1H NMR (CDCl3, 400 MHz)  0.83–0.97 
(m, 1H), 1.01–1.08 (m, 1H), 1.13–1.16 (m, 1H), 1.55 (s, 3H), 1.56 (s, 3H), 1.36–1.50 (m, 2H), 
2.02–2.05 (m, 1H), 2.11–2.12 (m, 1H), 2.48–2.49 (m, 1H), 3.09 (dd, 1H, J = 6.1, 1.0 Hz), 3.92 
(dd, 1H, J = 6.3, 2.0 Hz), 7.29–7.31 (m, 2H), 7.46–7.48 (m, 2H). 13C NMR (CDCl3, 151 MHz)  
25.4, 27.0, 28.5, 28.6, 33.6, 44.2, 46.5, 61.4, 76.5, 78.1, 127.8, 128.2, 132.6, 145.7. MS (EI) 
m/z 309 (1), 307 (1), 175 (2), 155 (63), 137 (3), 125 (34), 115 (6). 
 
B4.7 2-(3-Chlorobicyclo[2.2.1]hept-2-ylsulfanyl)-5-(p-methoxyphenyl)-4-methylthiazole 
(18). Colorless oil. Rf = 0.16 for pentane:Et2O = 20:1 (v/v). 
1H NMR (CDCl3, 400 MHz)  1.43–
1.53 (m, 3H), 1.70–1.74 (m, 1H), 1.78–1.81 (m, 1H), 1.98–2.06 (m, 1H), 2.43 (s, 3H), 2.46–
2.50 (m, 2H), 3.36 (dd, 1H, Jd = 3.8, 3.1 Hz), 3.83 (s, 3H), 4.08 (dt, 1H, Jd = 4.1 Hz, Jt = 1.6 Hz), 
6.92–7.00 (m, 2H), 7.30–7.42 (m, 2H). 13C NMR (CDCl3, 101 MHz)  16.0, 21.7, 28.7, 35.9, 
44.2, 44.3, 55.3, 60.3, 66.4, 114.2, 124.0, 130.3, 133.6, 147.9, 158.1, 159.4. MS (EI) m/z 365 
(14), 330 (3), 288 (3), 264 (2), 237 (100), 222 (5), 178 (4), 163 (5), 151 (5), 129 (3). 
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B5 Application of the p-Chlorocumyloxyl-͞Radical Clock͟ 
B5.1 Kinetic model 
Formation of products 15 and 16e from 3-(p-chlorocumyloxy)-thiazole-2(3H)-thione 1e, 
bicyclohept[2.2.1]heptene (14), and BrCCl3 according to a general mechanistic model
[13] was 
assumed to occur via elementary reactions described in equations 1–4 (An = 4-H3CO-C6H4, 
CP = 4-Cl-C6H4). 
 
Formation of p-chlorocumyoxyl radical-derived products 15 and 16e for analysis (GC), 
according to the model, was expressed by eqs. 5–ϲ. AppliĐatioŶ of BodeŶsteiŶ’s Ƌuasi-
stationary principle[14] allowed us to transform eq. 6 by replacing [exo-VIe] via eq. 7a into 
eq. 6a. Division eq. 6a by eq. 5, and integration of differential eq. 8a provided analytical 
expression eq. 8b used for determining kARIe on the basis of known value k
DR
Ie = 1.1 × 10
6 s–1 
(in CH3CN, 23 °C)
[15] in section 5.2. 
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B5.2 Rate constant for p-Chlorocumyloxyl radical addition to norbornene 14 
Table B1. Products formed from p-chlorocumyloxythiazolethione 1e and BrCCl3 at different 
norbornene concentrations 
 
entry c14 / M 3e /% 15 /% 16e (2-exo:2-endo) 
a /% 16e:15 
1 0.210 27.0 18.5 36.0 (30:70) 1.95 
2 0.105 29.5 29.5 29.5 (24:76) 1.00 
3 0.050 37.5 26.5 12.0 (22:78) 0.45 
   a 3-exo-configuration for both stereoisomers. 
 
 
Figure B1. Plot of product ratio 16e:15 vs. norbornene concentration {[16e]:[15] = (9.331 M–
1)[14] – 0.002; correlation coefficient (R2) = 0.9997}. 
 
Rate constant kARcisIe was calculated from the slope of the correlation obtained in Figure B1 
on the basis of eq. 8b. 
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B6  Variable Temperature NMR Spectroscopy – Barrier to N,O-Rotation 
B6.1 Experimental 
A solution of p-chlorocumyloxythiazolethione 1e (35–40 mg) in CDCl3 (0.5 mL, 99.8 atom%, 
filtrated through basic Al2O3) was thermostated (15 min) at a preselected temperature, 
chosen at the instrument panel of the NMR spectrometer. The temperature inside the 
cavity was measured with a MeOH NMR–thermometer.[16,17]  
 
Table B2. Temperaturedependent chemical shifts of selected protons in p-chlorocumyl ester 
1e (600.13 MHz, CDCl3). 
 
entry T / °C a ϭ’-CH3 ϭ’’-CH3 4-CH3 
1 –62 2.11 1.89 1.55 
2 –13 2.08 1.88 1.60 
3 –7 2.07 1.89 1.60 
4 b –3 2.03 1.93 1.62 
5 3 1.99  1.63 
6 10 1.99  1.63 
7 20 1.99  1.65 
a referenced versus the MeOH NMR thermometer. b signal coalescence 
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B6.2 Barrier to N,O-Rotation 
The rate constant kc for exchange of nuclei from two equally populated positions at 
coalescence temperature Tc can be approximated with eq. 9, whereby a and b denote 
resonance frequencies of associated nuclei at slow exchange.[18] 
 
The Gibbs free energy of activation of the process can be derived from the rate constant kc 
of topomerization at coalescence temperature Tc via the Eyring equation (eq. 10). 
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B7 N–O/C=S Bond Length Correlation – Solid State Chemistry 
Table B3. N–O and C=S bond lengths of thiazole-derived cyclic thiohydroxamates (X-ray 
diffraction).[19,20] 
 
entry number R dN–O / Å dC=S / Å 
1 – Li 1.354(2) 1.701(2) 
2 – Li 1.367(2) 1.685(2) 
3 2 H 1.373(3) 1.676(3) 
4 – a CH3 1.391(3) 1.650(3) 
5 – a n-C5H11 1.370(6) 1.671(7) 
6 – a CH(CH3)2 1.389(2) 1.657(2) 
7 – a (CH2)4C6H5 1.381(2) 1.663(3) 
8 1d C(CH3)2C6H5 1.376(3) 1.649(3) 
9 1e C(CH3)2(p-ClC6H4) 1.382(2) 1.666(3) 
10 – a C(O)C6H5 1.389(2) 1.662(2) 
 
 
Figure B2. Plot of distances N–O versus C=S from the data provided in Table B3 [including 
1e: dN–O = – 0.62dC=S + 2.42 Å; R2 = 0.86; without 1e: dN–O = – 0.62dC=S + 2.41 Å; R2 = 0.869]. 
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B8 Computational Chemistry 
B8.1 Computational Details 
All calculations were carried out with Gaussian03[21], using the density functional/Hartee-
Fock hybrid models B3LYP and BHandHLYP, and split valance double- basis set 6-31+G(d,p), 
and split valence triple- basis set 6-311G(d,p). No symmetry or internal coordinate 
constraints were applied during energy function minimization. The ultrafine grid in 
combination with the tight option for energy function minimization was used. The absence 
of imaginary modes of vibration characterized computed structures as minima (for radicals I 
and VII). Transition structures exo/endo-VI were located with the Berny algorithm. Hessian 
matrices of transition structures had exactly one negative stretching mode (Table 4 of the 
associated manuscript). Animations of eigenvector coordinates using Molden[22] were 
performed to verify that the imaginary mode correlated with the trajectory of C,O bond 
formation. Approximate Gibbs free energies (G298.15) were obtained through 
thermochemical analysis for 298.15 K by unscaled frequency calculation from the thermal 
correction reported by Gaussian03. Likewise obtained Gibbs free energies took into account 
zero-point correction, thermal correction, and entropy. All transition structures were 
maxima on electronic potential energy hypersurface, which may not correspond to maxima 
on the free energy surface. 
B3LYP- and BHandHLYP-calculated equilibrium and transition structures differed slightly but 
not notably. For presentation, Ball-and-stick models of B3LYP-structures were selected in 
the following sections. Oxygen atoms are depicted in red, carbons in gray and hydrogens in 
white. 
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Table B4. Calculated zero-point vibrational energy (ZPVE)-corrected electronic energies (E, 0 K), expectation values of the spin  
operator S2(for radicals), and Gibbs free energies (G, 298.15K) for alkoxyl radical additions to norbornene 14
method I / R parameter 14 I exo-VI endo-VI exo-VII endo-VII 
B3LYP Ia / tBu  E + ZPVE / a.u. a –272.597449 –232.907367 –505.530192 –505.530320 –505.499163 –505.493238 
/6-31+G**  S2 – 0.753498 0.75414 0.754067 0.777249 0.777507 
  G298.15 / a.u. 
a –272.625980 –232.936930 –505.569029 –505.569257 –505.538594 –505.532554 
BHandHLYP Ia / tBu E + ZPVE / a.u. a –272.415746 –232.760321 –505.204600 –505.204763 –505.163884 –505.156925 
/6-31+G**  S2 – 0.754915 0.755849 0.755732 0.8276 0.83058 
  G298.15 / a.u. 
a –272.444168 –232.789724 –505.243003 –505.243120 –505.202675 –505.195687 
BHandHLYP Ia / tBu E + ZPVE / a.u. a -272.460359 -232.803110 –505.292648 –505.293025 –505.252737 –505.245947 
/6-311G**  S2 – 0.754343 0.755884 0.755764 0.826274 0.829193 
  G298.15 / a.u. 
a -272.488778 -232.832555 –505.331066 –505.331497 –505.291558 –505.284662 
B3LYP Ig / CH3 E + ZPVE / a.u. 
a –272.597449 –115.026937 –387.655063 –387.654399 –387.621461 –387.616656 
/6-31+G**  S2 – 0.753503 0.754029 0.754051 0.771286 0. 774342 
  G298.15 / a.u. 
a –272.625980 –115.049881 –387.688595 –387.687957 –387.656581 –387.651046 
BHandHLYP Ig / CH3 E + ZPVE / a.u. 
a –272.415746 –114.961953 –387.411175 –387.410588 –387.368331 –387.362486 
/6-31+G**  S2 – 0.754978 0.755669 0.755729 0.823516 0.825317 
  G298.15 / a.u. 
a –272.444168 –114.984871 –387.444475 –387.443913 –387.402773 –387.396585 
BHandHLYP Ig / CH3 E + ZPVE / a.u. 
a -272.460359 –114.985134 –387.479184 –387.478787 –387.437198 –387.431272 
/6-311G**  S2 – 0.75434 0.755705 0.755758 0.824633 0.825411 
  G298.15 / a.u. 
a -272.488778 –115.008043 –387.512476 –387.512157 –387.471493 –387.465355 
a 1 a.u. = 1 Hartree = 2625.5 kJ mol–1 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.192153    0.781430   -0.516665 
   2          6             0        1.192493   -0.781046   -0.516588 
   3          6             0       -0.088341    1.129424    0.323046 
   4          6             0       -0.087968   -1.129473    0.322992 
   5          6             0       -1.279449   -0.671914   -0.507989 
   6          6             0       -1.279742    0.671564   -0.507847 
   7          6             0       -0.041104   -0.000048    1.381048 
   8          1             0        1.147686    1.207409   -1.522986 
   9          1             0        2.087968    1.178725   -0.026514 
  10          1             0        2.088453   -1.177943   -0.026378 
  11          1             0        1.148226   -1.207117   -1.522878 
  12          1             0       -0.120506    2.158254    0.688878 
  13          1             0       -0.119837   -2.158328    0.688776 
  14          1             0       -1.923370   -1.328362   -1.084625 
  15          1             0       -1.923919    1.327860   -1.084369 
  16          1             0       -0.911736   -0.000218    2.043775 
  17          1             0        0.878779    0.000095    1.978333 
--------------------------------------------------------------------- 
Version=IA32L-G03RevC.01\State=1-A\HF=-272.750159\RMSD=5.182e-
09\RMSF=8.526e- 06\Dipole=-0.1278744,-0.0791881,0.0000053\PG=C01 [X(C7H10)] 
\NImag=0\\@ 
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B8.2.2  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
Standard orientation:  
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.181443   -0.775938   -0.515108 
   2          6             0       -1.181283    0.776100   -0.515176 
   3          6             0        0.084867   -1.120795    0.320661 
   4          6             0        0.085048    1.120789    0.320641 
   5          6             0        1.272693    0.665456   -0.501571 
   6          6             0        1.272537   -0.665656   -0.501623 
   7          6             0        0.035979    0.000014    1.370520 
   8          1             0       -1.135634   -1.197813   -1.514213 
   9          1             0       -2.072892   -1.168742   -0.031764 
  10          1             0       -2.072675    1.169110   -0.031894 
  11          1             0       -1.135364    1.197889   -1.514312 
  12          1             0        0.117350   -2.141860    0.684073 
  13          1             0        0.117675    2.141858    0.684031 
  14          1             0        1.917380    1.316230   -1.068153 
  15          1             0        1.917086   -1.316538   -1.068240 
  16          1             0        0.896936   -0.000052    2.032078 




e-05\Dipole=-0.121767,-0.0712408,0.0000069\PG=C01 [X(C7H10)] \NImag=0\\@ 
 
 
B8.2.3  BHandHLYP/6-311G**//BHandHLYP/6-311G** 
Standard orientation: 
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.179838   -0.775457   -0.515057 
   2          6             0       -1.179681    0.775617   -0.515122 
   3          6             0        0.084576   -1.119656    0.321328 
   4          6             0        0.084754    1.119649    0.321310 
   5          6             0        1.270875    0.662729   -0.501841 
   6          6             0        1.270723   -0.662924   -0.501893 
   7          6             0        0.035941    0.000012    1.370618 
   8          1             0       -1.132163   -1.196247   -1.512813 
   9          1             0       -2.071119   -1.167333   -0.034072 
  10          1             0       -2.070905    1.167695   -0.034198 
  11          1             0       -1.131898    1.196323   -1.512909 
  12          1             0        0.118346   -2.139045    0.683699 
  13          1             0        0.118663    2.139040    0.683662 
  14          1             0        1.913785    1.312897   -1.068296 
  15          1             0        1.913498   -1.313197   -1.068383 
  16          1             0        0.896729   -0.000053    2.029658 
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Figure B4. Presentation of computed equilibrium structure of tert-butoxyl radical Ia. 
 
B8.3.1  B3LYP/6-31+G**//B3LYP/6-31+G** 
Standard orientation: 
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.278236   -0.793405   -0.314685 
   2          6             0       -0.000001   -0.027353    0.080468 
   3          8             0        0.000006    0.263630    1.432455 
   4          6             0       -1.278269   -0.793352   -0.314685 
   5          6             0        0.000029    1.390203   -0.579731 
   6          1             0        1.308521   -0.975097   -1.394541 
   7          1             0        2.166591   -0.224815   -0.025433 
   8          1             0        1.308620   -1.761352    0.195649 
   9          1             0       -1.308568   -0.975032   -1.394542 
  10          1             0       -1.308686   -1.761303    0.195639 
  11          1             0       -2.166601   -0.224732   -0.025421 
  12          1             0        0.000021    1.255817   -1.666266 
  13          1             0       -0.890766    1.950479   -0.286461 




-0.2639248\PG=C01 [X(C4H9O1)] \NImag=0\\@ 
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B8.3.2  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
Standard orientation: 
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.264438   -0.781094   -0.323382 
   2          6             0        0.000000   -0.019375    0.067323 
   3          6             0        0.000010    1.387237   -0.555045 
   4          8             0        0.000001    0.229315    1.432123 
   5          6             0       -1.264449   -0.781076   -0.323383 
   6          1             0        1.297638   -0.950544   -1.396799 
   7          1             0        2.147477   -0.222159   -0.028920 
   8          1             0        1.291518   -1.747685    0.172572 
   9          1             0       -1.297650   -0.950528   -1.396800 
  10          1             0       -1.291543   -1.747666    0.172573 
  11          1             0       -2.147480   -0.222127   -0.028922 
  12          1             0        0.000009    1.290356   -1.637265 
  13          1             0       -0.883222    1.940847   -0.253251 




-0.2580331\PG=C01 [X(C4H9O1)] \NImag=0\\@ 
 
 
B8.3.3  BHandHLYP/6-311G**//BHandHLYP/6-311G** 
Standard orientation: 
-------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.263815   -0.780220   -0.323488 
   2          6             0       -0.000001   -0.019492    0.067770 
   3          6             0        0.000026    1.386296   -0.553717 
   4          8             0        0.000013    0.228039    1.428215 
   5          6             0       -1.263850   -0.780168   -0.323479 
   6          1             0        1.302188   -0.948570   -1.395863 
   7          1             0        2.143997   -0.221824   -0.023884 
   8          1             0        1.289122   -1.746046    0.171718 
   9          1             0       -1.302242   -0.948512   -1.395854 
  10          1             0       -1.289190   -1.745994    0.171724 
  11          1             0       -2.144008   -0.221738   -0.023864 
  12          1             0        0.000019    1.294166   -1.635120 
  13          1             0       -0.881884    1.937877   -0.248547 




-0.2298882\PG=C01 [X(C4H9O1)] \NImag=0\\ @ 
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B8.4 Methoxyl radical (Ig) 
 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.011097    0.793492    0.000000 
   2          6             0       -0.011097   -0.576802    0.000000 
   3          1             0        1.060636   -0.867581    0.000000 
   4          1             0       -0.452637   -1.009771    0.911583 







B8.4.2  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
Standard orientation: 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.008715    0.791526    0.000000 
   2          6             0       -0.008715   -0.579044    0.000000 
   3          1             0        1.048158   -0.870214    0.000000 
   4          1             0       -0.463072   -0.993864    0.900138 




0.,0.8523819\PG=CS [SG(C1H1O1),X(H2)] \NImag=0\\@ 
 
 
B8.4.3  BHandHLYP/6-311G**//BHandHLYP/6-311G** 
Standard orientation: 
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          8             0       -0.009151    0.789657    0.000000 
   2          6             0       -0.009151   -0.575754    0.000000 
   3          1             0        1.046955   -0.868803    0.000000 
   4          1             0       -0.459417   -0.996965    0.898948 




PG=CS [SG(C1H1O1),X(H2)] \NImag=0\\@ 
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B8.5 Transition structures for exo-addition to norbornene 
 
B8.5.1 tert-Butoxyl radical addition 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.650133    0.026508   -1.348892 
   2          6             0        1.535070   -1.082415   -0.277665 
   3          6             0        0.610975   -0.405543    0.719710 
   4          6             0        0.948185    0.930901    0.712354 
   5          6             0        2.029777    1.126894   -0.326799 
   6          6             0        3.323644    0.491320    0.300862 
   7          6             0        2.967931   -1.030256    0.353153 
   8          8             0       -1.165375   -0.672127   -0.377550 
   9          6             0       -2.346949   -0.006317   -0.010138 
  10          6             0       -2.343067    1.462526   -0.477405 
  11          6             0       -3.450017   -0.788001   -0.773580 
  12          6             0       -2.614406   -0.098198    1.505440 
  13          1             0        0.616986    1.684072    1.419731 
  14          1             0        0.137098   -0.925869    1.541347 
  15          1             0        1.210354   -2.068722   -0.610891 
  16          1             0        3.664898   -1.622256   -0.249446 
  17          1             0        2.988148   -1.435085    1.369813 
  18          1             0        4.184047    0.680214   -0.350969 
  19          1             0        3.555239    0.910353    1.284619 
  20          1             0        2.165600    2.143811   -0.701376 
  21          1             0        2.442601   -0.162871   -2.081907 
  22          1             0        0.701336    0.210960   -1.854466 
  23          1             0       -3.468077   -1.832741   -0.450910 
  24          1             0       -3.259340   -0.759090   -1.850137 
  25          1             0       -4.429424   -0.337368   -0.576599 
  26          1             0       -1.859811    0.460798    2.069066 
  27          1             0       -2.588834   -1.142535    1.833203 
  28          1             0       -3.595577    0.320065    1.757223 
  29          1             0       -1.559916    2.025965    0.039442 
  30          1             0       -3.305182    1.948883   -0.276947 




0.110702\PG=C01 [X(C11H19O1)] \NImag=1\\@ 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.925839   -1.016879    0.350032 
   2          6             0        1.508200   -1.077630   -0.279212 
   3          6             0        1.615986    0.027819   -1.337982 
   4          6             0        1.985291    1.118479   -0.320369 
   5          6             0        3.269845    0.496910    0.300517 
   6          6             0        0.907146    0.914450    0.711875 
   7          6             0        0.575945   -0.417219    0.710038 
   8          8             0       -1.140167   -0.705621   -0.352547 
   9          6             0       -2.302362   -0.004661   -0.010626 
  10          6             0       -2.551923   -0.022300    1.496518 
  11          6             0       -2.271222    1.427114   -0.542275 
  12          6             0       -3.410205   -0.794747   -0.722754 
  13          1             0        0.576479    1.655371    1.419818 
  14          1             0        0.129707   -0.939451    1.535715 
  15          1             0        1.194024   -2.057510   -0.615731 
  16          1             0        3.625096   -1.598689   -0.244978 
  17          1             0        2.945496   -1.418724    1.359187 
  18          1             0        4.125306    0.687753   -0.343451 
  19          1             0        3.496406    0.911507    1.278364 
  20          1             0        2.110590    2.129561   -0.691258 
  21          1             0        2.405808   -0.153593   -2.063856 
  22          1             0        0.675978    0.206607   -1.844582 
  23          1             0       -3.445260   -1.814854   -0.352807 
  24          1             0       -3.226478   -0.822343   -1.792605 
  25          1             0       -4.374886   -0.323997   -0.547825 
  26          1             0       -1.792716    0.548192    2.024934 
  27          1             0       -2.538081   -1.043004    1.869456 
  28          1             0       -3.519229    0.415906    1.731209 
  29          1             0       -1.485699    1.999836   -0.058546 
  30          1             0       -3.219283    1.931289   -0.365899 




-0.3405594\PG=C01 [X(C11H19O1)] \NImag=1\\@ 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.916769   -1.016474    0.356053 
   2          6             0        1.502178   -1.076189   -0.276014 
   3          6             0        1.613108    0.023568   -1.338772 
   4          6             0        1.983802    1.116644   -0.325791 
   5          6             0        3.264748    0.495215    0.299644 
   6          6             0        0.905765    0.918796    0.706606 
   7          6             0        0.570296   -0.408562    0.707672 
   8          8             0       -1.123776   -0.672276   -0.368890 
   9          6             0       -2.295740   -0.003669   -0.009489 
  10          6             0       -2.557028   -0.082037    1.492724 
  11          6             0       -2.286264    1.446482   -0.486139 
  12          6             0       -3.382396   -0.785827   -0.759864 
  13          1             0        0.579603    1.661219    1.412563 
  14          1             0        0.125068   -0.926218    1.534958 
  15          1             0        1.183332   -2.054239   -0.607078 
  16          1             0        3.615630   -1.602250   -0.232590 
  17          1             0        2.931995   -1.411837    1.366167 
  18          1             0        4.120917    0.679845   -0.342587 
  19          1             0        3.489898    0.913033    1.274688 
  20          1             0        2.111079    2.124210   -0.699878 
  21          1             0        2.401985   -0.162133   -2.062267 
  22          1             0        0.673611    0.200093   -1.842548 
  23          1             0       -3.396114   -1.818909   -0.430528 
  24          1             0       -3.187491   -0.768083   -1.826643 
  25          1             0       -4.357617   -0.343924   -0.576118 
  26          1             0       -1.815293    0.484760    2.047071 
  27          1             0       -2.521211   -1.114549    1.826112 
  28          1             0       -3.534880    0.323855    1.736257 
  29          1             0       -1.517236    2.013456    0.027224 
  30          1             0       -3.244095    1.926717   -0.302470 




-0.3231135\PG=C01 [X(C11H19O1)] \NImag=1\\@ 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.965429   -0.923210   -0.582552 
   2          6             0       -0.540487   -1.080663    0.052041 
   3          6             0        0.386170   -0.206235   -0.773147 
   4          6             0       -2.338019    0.557684   -0.249011 
   5          6             0       -1.066349    1.070847    0.520270 
   6          6             0        0.045556    1.091482   -0.507079 
   7          6             0       -0.691334   -0.203661    1.317692 
   8          1             0       -2.664619   -1.624167   -0.114197 
   9          1             0       -1.964830   -1.128614   -1.657418 
  10          1             0       -0.208817   -2.110248    0.192438 
  11          1             0        0.956095   -0.556505   -1.625067 
  12          1             0       -3.215553    0.612532    0.404770 
  13          1             0       -2.550944    1.155735   -1.139982 
  14          1             0       -1.223335    1.993457    1.083071 
  15          1             0        0.412563    1.976700   -1.016302 
  16          1             0        0.245592   -0.107493    1.868592 
  17          1             0       -1.494520   -0.541048    1.982953 
  18          8             0        2.240308   -0.480723    0.399437 
  19          6             0        3.311678    0.202960   -0.160349 
  20          1             0        3.438163    0.010977   -1.239667 
  21          1             0        3.279243    1.289900    0.016202 




-0.4942681\PG=C01 [X(C8H13O1)] \NImag=1\\@ 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.917876   -0.914779   -0.584881 
   2          6             0       -0.515365   -1.070934    0.062898 
   3          6             0        0.425090   -0.209574   -0.747184 
   4          6             0       -2.294326    0.555859   -0.257731 
   5          6             0       -1.043050    1.066359    0.514604 
   6          6             0        0.072883    1.086024   -0.498032 
   7          6             0       -0.677880   -0.195189    1.313279 
   8          1             0       -2.619692   -1.610419   -0.131956 
   9          1             0       -1.902544   -1.116883   -1.652099 
  10          1             0       -0.188200   -2.092341    0.211837 
  11          1             0        0.951756   -0.556276   -1.618401 
  12          1             0       -3.173034    0.606483    0.381040 
  13          1             0       -2.499199    1.147425   -1.145051 
  14          1             0       -1.202467    1.983237    1.070675 
  15          1             0        0.432487    1.960627   -1.013205 
  16          1             0        0.243805   -0.100166    1.873801 
  17          1             0       -1.483416   -0.528210    1.964424 
  18          8             0        2.165772   -0.537912    0.347057 
  19          6             0        3.208057    0.236082   -0.132865 
  20          1             0        3.350418    0.133837   -1.211209 
  21          1             0        3.107039    1.292203    0.119371 




-0.3918539\PG=C01 [X(C8H13O1)] \NImag=1\\@ 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.917032   -0.911948   -0.572525 
   2          6             0       -0.512583   -1.071007    0.065782 
   3          6             0        0.426252   -0.217888   -0.754156 
   4          6             0       -2.285121    0.560597   -0.248821 
   5          6             0       -1.026697    1.068972    0.510499 
   6          6             0        0.079184    1.077994   -0.511999 
   7          6             0       -0.659642   -0.188815    1.312210 
   8          1             0       -2.618386   -1.601665   -0.113655 
   9          1             0       -1.908993   -1.117125   -1.637661 
  10          1             0       -0.186184   -2.090317    0.216630 
  11          1             0        0.936893   -0.569921   -1.631024 
  12          1             0       -3.157745    0.616801    0.395221 
  13          1             0       -2.493684    1.148081   -1.136067 
  14          1             0       -1.176804    1.987932    1.062061 
  15          1             0        0.434445    1.946384   -1.037257 
  16          1             0        0.268353   -0.095618    1.858399 
  17          1             0       -1.458804   -0.514393    1.972328 
  18          8             0        2.142080   -0.548497    0.328304 
  19          6             0        3.182532    0.241829   -0.118374 
  20          1             0        3.338502    0.173276   -1.197051 
  21          1             0        3.081068    1.290094    0.162185 




-0.3354518\PG=C01 [X(C8H13O1)] \NImag=1\\@ 
ANHANG B 307 
 
B8.6 Transition structure for endo-addition to norbornene 
 
B8.6.1 tert-Butoxyl radical addition 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
    1          6             0        2.955127   -0.552211    0.637645 
    2          6             0        1.681688    0.161399    1.171742 
    3          6             0        0.604481   -0.759384    0.597635 
    4          6             0        1.098565   -1.227715   -0.603291 
    5          6             0        2.442950   -0.575260   -0.829549 
    6          6             0        2.201450    0.957956   -1.078476 
    7          6             0        1.738854    1.469256    0.320019 
    8          8             0       -0.931347    0.519417   -0.059309 
    9          6             0       -2.254723    0.037431   -0.020747 
   10          6             0       -3.086080    1.211512   -0.597976 
   11          6             0       -2.434847   -1.203080   -0.919378 
   12          6             0       -2.722625   -0.259658    1.419226 
   13          1             0        0.592481   -1.889973   -1.295808 
   14          1             0       -0.167446   -1.223365    1.193663 
   15          1             0        1.618350    0.330212    2.248628 
   16          1             0        2.480051    2.146146    0.758759 
   17          1             0        0.776190    1.975939    0.284745 
   18          1             0        3.133417    1.434319   -1.402511 
   19          1             0        1.447602    1.126230   -1.851061 
   20          1             0        3.076371   -1.056229   -1.578156 
   21          1             0        3.866959    0.042497    0.773262 
   22          1             0        3.105961   -1.553181    1.054004 
   23          1             0       -3.487658   -1.504668   -0.964050 
   24          1             0       -2.089778   -0.986313   -1.934933 
   25          1             0       -1.860769   -2.052032   -0.532915 
   26          1             0       -3.791036   -0.503376    1.447198 
   27          1             0       -2.182879   -1.110318    1.850019 
   28          1             0       -2.548478    0.612581    2.057075 
   29          1             0       -4.150334    0.949288   -0.610981 
   30          1             0       -2.953765    2.108126    0.014663 




-0.3475227\PG=C01 [X(C11H19O1)] \NImag=1\\@ 





 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
 --------------------------------------------------------------------- 
    1          6             0        1.726481    1.462411    0.301391 
    2          6             0        1.648593    0.176249    1.159790 
    3          6             0        2.911336   -0.547474    0.649638 
    4          6             0        2.416413   -0.583479   -0.809963 
    5          6             0        2.187430    0.931934   -1.079079 
    6          6             0        1.072865   -1.226391   -0.588255 
    7          6             0        0.571280   -0.736660    0.592221 
    8          8             0       -0.916500    0.537082   -0.027549 
    9          6             0       -2.225844    0.037375   -0.022264 
   10          6             0       -2.712667   -0.267010    1.395467 
   11          6             0       -3.047380    1.194545   -0.606232 
   12          6             0       -2.365394   -1.190929   -0.920464 
   13          1             0        0.578255   -1.897707   -1.267312 
   14          1             0       -0.186340   -1.200952    1.191792 
   15          1             0        1.578353    0.356712    2.226312 
   16          1             0        2.471364    2.127451    0.731928 
   17          1             0        0.781996    1.984187    0.255350 
   18          1             0        3.114145    1.399464   -1.403390 
   19          1             0        1.442502    1.093949   -1.850633 
   20          1             0        3.049174   -1.076580   -1.539392 
   21          1             0        3.819151    0.037877    0.786579 
   22          1             0        3.050081   -1.537249    1.075409 
   23          1             0       -3.407047   -1.494972   -0.995467 
   24          1             0       -1.995903   -0.970036   -1.917647 
   25          1             0       -1.802539   -2.031842   -0.523789 
   26          1             0       -3.771925   -0.514548    1.398126 
   27          1             0       -2.181509   -1.109686    1.830982 
   28          1             0       -2.558970    0.597768    2.034831 
   29          1             0       -4.100795    0.926155   -0.642749 
   30          1             0       -2.937642    2.083821    0.007417 




0.3610895\PG=C01 [X(C11H19O1)] \NImag=1\\@ 
  





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
    1          6             0        1.710456    1.460363    0.308337 
    2          6             0        1.646807    0.171293    1.160313 
    3          6             0        2.909008   -0.542338    0.638162 
    4          6             0        2.402680   -0.575993   -0.816599 
    5          6             0        2.156029    0.937243   -1.078677 
    6          6             0        1.066964   -1.229361   -0.585511 
    7          6             0        0.570528   -0.743742    0.594593 
    8          8             0       -0.902465    0.524708   -0.035064 
    9          6             0       -2.212226    0.036166   -0.021181 
   10          6             0       -2.697929   -0.245116    1.400510 
   11          6             0       -3.023593    1.192193   -0.618651 
   12          6             0       -2.364051   -1.201165   -0.903144 
   13          1             0        0.573908   -1.904898   -1.258927 
   14          1             0       -0.180009   -1.213448    1.196466 
   15          1             0        1.582231    0.345064    2.226373 
   16          1             0        2.457234    2.125354    0.731985 
   17          1             0        0.764357    1.975635    0.275953 
   18          1             0        3.070929    1.414958   -1.416246 
   19          1             0        1.396867    1.092114   -1.835217 
   20          1             0        3.032130   -1.060258   -1.551988 
   21          1             0        3.812751    0.047495    0.770049 
   22          1             0        3.055514   -1.531823    1.057777 
   23          1             0       -3.407276   -1.496115   -0.976358 
   24          1             0       -1.990889   -0.995480   -1.900836 
   25          1             0       -1.809610   -2.041056   -0.495766 
   26          1             0       -3.759495   -0.477072    1.412463 
   27          1             0       -2.176003   -1.088674    1.842528 
   28          1             0       -2.527706    0.624355    2.027040 
   29          1             0       -4.078422    0.934398   -0.654091 
   30          1             0       -2.904834    2.085996   -0.015563 




0.3617564\PG=C01 [X(C11H19O1)] \NImag=1\\@ 
 
310 ANHANG B 
 









Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.969425   -0.651849   -0.550604 
   2          6             0       -1.351305   -0.641754    0.874462 
   3          6             0       -1.175860    0.903639    1.104504 
   4          6             0       -0.837020    1.432655   -0.322778 
   5          6             0       -0.777930    0.125169   -1.176568 
   6          6             0        0.385583   -0.728817   -0.677866 
   7          6             0        0.009461   -1.218125    0.552744 
   8          8             0        1.900368    0.606970   -0.016694 
   9          6             0        3.107277   -0.071056    0.130183 
  10          1             0        3.414565   -0.626165   -0.773548 
  11          1             0        3.878045    0.694792    0.320985 
  12          1             0        3.119910   -0.758515    0.992297 
  13          1             0        0.100866    1.984805   -0.354077 
  14          1             0       -1.637325    2.073609   -0.708298 
  15          1             0       -2.108850    1.330360    1.488967 
  16          1             0       -0.381523    1.116344    1.823394 
  17          1             0       -1.901103   -1.153161    1.667636 
  18          1             0        0.607758   -1.834668    1.214383 
  19          1             0        1.175703   -1.106146   -1.312833 
  20          1             0       -0.800444    0.291793   -2.255364 
  21          1             0       -2.096328   -1.660880   -0.955318 




-0.0931718\PG=C01 [X(C8H13O1)] \NImag=1\\@ 
 
ANHANG B 311 
 
B8.6.2.2  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
Standard orientation: 
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.939796   -0.623668   -0.577690 
   2          6             0       -1.333575   -0.678885    0.838114 
   3          6             0       -1.162768    0.838062    1.141857 
   4          6             0       -0.831655    1.435095   -0.248876 
   5          6             0       -0.758211    0.181571   -1.155174 
   6          6             0        0.404465   -0.685159   -0.697752 
   7          6             0        0.022287   -1.239479    0.495185 
   8          8             0        1.875401    0.620105   -0.077154 
   9          6             0        3.043395   -0.078732    0.174948 
  10          1             0        3.369443   -0.687914   -0.672049 
  11          1             0        3.816089    0.671662    0.357120 
  12          1             0        2.980724   -0.708233    1.064296 
  13          1             0        0.088668    2.000929   -0.252610 
  14          1             0       -1.636014    2.077214   -0.599677 
  15          1             0       -2.086459    1.244855    1.546558 
  16          1             0       -0.372759    1.016565    1.863133 
  17          1             0       -1.882379   -1.227642    1.595229 
  18          1             0        0.607196   -1.894771    1.117029 
  19          1             0        1.168296   -1.054225   -1.355847 
  20          1             0       -0.777203    0.397241   -2.217166 
  21          1             0       -2.059688   -1.605451   -1.026999 




0.5353475,0.0890887,0.0246542\PG=C01 [X(C8H13O1)] \NImag=1\\@ 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.940607   -0.619523   -0.564697 
   2          6             0       -1.324274   -0.669428    0.845846 
   3          6             0       -1.135544    0.846825    1.138837 
   4          6             0       -0.820404    1.433522   -0.258737 
   5          6             0       -0.759333    0.174454   -1.155135 
   6          6             0        0.402477   -0.693863   -0.697548 
   7          6             0        0.023266   -1.242614    0.495140 
   8          8             0        1.850554    0.609558   -0.081527 
   9          6             0        3.023896   -0.072499    0.172378 
  10          1             0        3.359213   -0.683549   -0.669135 
  11          1             0        3.788350    0.686759    0.347932 
  12          1             0        2.975471   -0.696486    1.065746 
  13          1             0        0.099855    1.995000   -0.277075 
  14          1             0       -1.627068    2.073428   -0.603851 
  15          1             0       -2.046265    1.265555    1.556474 
  16          1             0       -0.331174    1.019995    1.842723 
  17          1             0       -1.870603   -1.207765    1.609533 
  18          1             0        0.605192   -1.901719    1.112978 
  19          1             0        1.157445   -1.072767   -1.357949 
  20          1             0       -0.783560    0.381192   -2.216898 
  21          1             0       -2.067799   -1.602445   -1.005450 




0.0297472\PG=C01 [X(C8H13O1)] \NImag=1\\@ 
 
ANHANG B 313 
 
B8.7 exo-Alkoxyl radical addition products 
 


















Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.931420   -0.135063    1.392386 
   2          6             0        1.326917    0.953506    0.476092 
   3          6             0        0.229320    0.156894   -0.271392 
   4          6             0        0.931659   -1.166195   -0.471778 
   5          6             0        2.263708   -1.097864    0.220330 
   6          6             0        3.187224   -0.181906   -0.648463 
   7          6             0        2.495926    1.215365   -0.511906 
   8          8             0       -0.932327    0.049846    0.579729 
   9          6             0       -2.246955    0.016234   -0.021608 
  10          6             0       -2.589602    1.382726   -0.642302 
  11          6             0       -2.364734   -1.105785   -1.067207 
  12          6             0       -3.176739   -0.268828    1.163439 
  13          1             0       -0.049406    0.649184   -1.212549 
  14          1             0        0.935182    1.847783    0.965881 
  15          1             0        3.184090    1.959975   -0.098743 
  16          1             0        2.142275    1.602736   -1.474239 
  17          1             0        4.203861   -0.169411   -0.236703 
  18          1             0        3.254012   -0.525524   -1.685137 
  19          1             0        2.710509   -2.061760    0.477950 
  20          1             0        2.822747    0.203470    1.933156 
  21          1             0        1.208098   -0.547377    2.100437 
  22          1             0        0.587523   -1.971435   -1.111335 
  23          1             0       -3.392525   -1.166757   -1.441201 
  24          1             0       -1.711492   -0.930580   -1.928219 
  25          1             0       -2.101765   -2.070769   -0.623169 
  26          1             0       -4.222515   -0.294060    0.839191 
  27          1             0       -2.926850   -1.232210    1.618064 
  28          1             0       -3.066146    0.507920    1.926227 
  29          1             0       -3.620998    1.386794   -1.011859 
  30          1             0       -2.488044    2.173525    0.107488 




0.2934444\PG=C01 [X(C11H19O1)] \NImag=0\\@ 
314 ANHANG B 
 
B8.7.1.2 BHandHLYP/6-31+G**// BHandHLYP/6-31+G** 
Standard orientation: 
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.479772    1.199762   -0.511757 
   2          6             0        1.316820    0.952220    0.468406 
   3          6             0        1.908209   -0.128959    1.382829 
   4          6             0        2.238735   -1.089081    0.225490 
   5          6             0        3.159400   -0.191436   -0.638073 
   6          6             0        0.912866   -1.154784   -0.466712 
   7          6             0        0.221018    0.168816   -0.269795 
   8          8             0       -0.923535    0.078671    0.566866 
   9          6             0       -2.221532    0.015174   -0.019672 
  10          6             0       -3.142697   -0.257811    1.160386 
  11          6             0       -2.582137    1.354059   -0.661348 
  12          6             0       -2.326036   -1.118847   -1.036584 
  13          1             0       -0.044668    0.654436   -1.207997 
  14          1             0        0.933966    1.844764    0.950458 
  15          1             0        3.166296    1.937212   -0.104947 
  16          1             0        2.132637    1.580715   -1.469679 
  17          1             0        4.167717   -0.179311   -0.228590 
  18          1             0        3.226839   -0.537534   -1.665404 
  19          1             0        2.673480   -2.047982    0.487780 
  20          1             0        2.792067    0.205467    1.921951 
  21          1             0        1.185575   -0.531760    2.084691 
  22          1             0        0.589044   -1.936424   -1.131967 
  23          1             0       -3.346892   -1.199989   -1.401379 
  24          1             0       -1.683231   -0.950941   -1.896674 
  25          1             0       -2.049005   -2.064420   -0.579343 
  26          1             0       -4.180036   -0.304043    0.838536 
  27          1             0       -2.880535   -1.201342    1.630062 
  28          1             0       -3.043536    0.529487    1.902015 
  29          1             0       -3.608178    1.337625   -1.020824 
  30          1             0       -2.485855    2.154348    0.067067 




-0.2824854\PG=C01 [X(C11H19O1)] \NImag=0\\@ 
 
ANHANG B 315 
 
B8.7.1.3 BHandHLYP/6-311G**// BHandHLYP/6-311G** 
Standard orientation: 
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
    1          6             0        0.221485    0.172998   -0.280017 
    2          6             0        1.314127    0.955581    0.460521 
    3          6             0        2.483703    1.194944   -0.511245 
    4          6             0        3.160424   -0.197537   -0.625257 
    5          6             0        2.228781   -1.089157    0.230718 
    6          6             0        0.911476   -1.150295   -0.474851 
    7          6             0        1.890275   -0.126048    1.382292 
    8          8             0       -0.918408    0.082172    0.560325 
    9          6             0       -2.216769    0.014861   -0.019696 
   10          6             0       -2.323253   -1.114673   -1.039582 
   11          6             0       -3.128119   -0.265643    1.164471 
   12          6             0       -2.584627    1.353860   -0.653983 
   13          1             0       -0.044261    0.657550   -1.217146 
   14          1             0        0.929511    1.848342    0.936281 
   15          1             0        3.168914    1.931644   -0.105164 
   16          1             0        2.144399    1.570071   -1.472461 
   17          1             0        4.162803   -0.186099   -0.205449 
   18          1             0        3.237505   -0.547100   -1.649028 
   19          1             0        2.656578   -2.047404    0.498993 
   20          1             0        2.767632    0.203383    1.931664 
   21          1             0        1.154780   -0.522576    2.071366 
   22          1             0        0.588615   -1.931760   -1.137945 
   23          1             0       -3.345312   -1.200668   -1.396318 
   24          1             0       -1.688106   -0.939506   -1.902432 
   25          1             0       -2.036921   -2.058876   -0.588095 
   26          1             0       -4.167412   -0.311913    0.853172 
   27          1             0       -2.858337   -1.209602    1.625904 
   28          1             0       -3.021082    0.517075    1.907920 
   29          1             0       -3.610982    1.337382   -1.009046 
   30          1             0       -2.486324    2.149732    0.077176 




-0.2041926\PG=C01 [X(C11H19O1)] \NImag=0\\@ 
 
316 ANHANG B 
 










Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.661698   -1.022423   -0.675955 
   2          6             0       -0.427216   -1.045731    0.264783 
   3          6             0       -0.864246   -0.064971    1.377081 
   4          6             0       -1.139067    1.105621    0.396497 
   5          6             0       -2.194183    0.443706   -0.551479 
   6          6             0        0.710808   -0.255438   -0.416700 
   7          6             0        0.158402    1.151558   -0.360169 
   8          8             0        1.917192   -0.446722    0.345805 
   9          6             0        3.054402    0.186096   -0.213455 
  10          1             0        0.503835    1.989083   -0.957658 
  11          1             0        0.903398   -0.602743   -1.446819 
  12          1             0       -1.466555    2.055008    0.828461 
  13          1             0       -0.112903   -2.042767    0.581297 
  14          1             0       -2.410370   -1.746232   -0.338553 
  15          1             0       -1.398860   -1.286379   -1.706401 
  16          1             0       -3.187796    0.473472   -0.088052 
  17          1             0       -2.263729    0.956052   -1.515860 
  18          1             0       -1.762886   -0.394073    1.911109 
  19          1             0       -0.068704    0.147518    2.095663 
  20          1             0        2.955371    1.280865   -0.220858 
  21          1             0        3.239800   -0.159633   -1.243080 




-0. 3960057 \PG=C01 [X(C8H13O1)] \NImag=0\\@ 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.852446   -0.065401    1.366672 
   2          6             0       -1.130116    1.095994    0.396174 
   3          6             0        0.161821    1.143842   -0.359376 
   4          6             0        0.710076   -0.259429   -0.414276 
   5          6             0       -0.422387   -1.039308    0.261415 
   6          6             0       -2.176508    0.443352   -0.542165 
   7          6             0       -1.648374   -1.011934   -0.670872 
   8          8             0        1.898374   -0.446197    0.334133 
   9          6             0        3.022958    0.188963   -0.205354 
  10          1             0        0.485595    1.964706   -0.977151 
  11          1             0        0.892872   -0.602722   -1.437589 
  12          1             0       -1.450187    2.038190    0.828746 
  13          1             0       -0.113030   -2.030155    0.574478 
  14          1             0       -2.391838   -1.730605   -0.337692 
  15          1             0       -1.388960   -1.270981   -1.694716 
  16          1             0       -3.162397    0.469228   -0.082196 
  17          1             0       -2.247930    0.953545   -1.498446 
  18          1             0       -1.742001   -0.393473    1.899924 
  19          1             0       -0.060348    0.144845    2.077533 
  20          1             0        2.915707    1.273910   -0.205636 
  21          1             0        3.214070   -0.144894   -1.228030 




0.4622867\PG=C01 [X(C8H13O1)] \NImag=0\\@ 
 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.836548   -0.067454    1.365334 
   2          6             0       -1.122787    1.094769    0.399514 
   3          6             0        0.159271    1.141115   -0.369885 
   4          6             0        0.708645   -0.260894   -0.422449 
   5          6             0       -0.421049   -1.040267    0.255122 
   6          6             0       -2.178557    0.445372   -0.528596 
   7          6             0       -1.651935   -1.008367   -0.667661 
   8          8             0        1.890283   -0.444988    0.332447 
   9          6             0        3.014881    0.189227   -0.201482 
  10          1             0        0.476235    1.959420   -0.991739 
  11          1             0        0.893103   -0.604840   -1.443715 
  12          1             0       -1.436835    2.035056    0.836016 
  13          1             0       -0.108578   -2.029663    0.562810 
  14          1             0       -2.393132   -1.727208   -0.335003 
  15          1             0       -1.398481   -1.261065   -1.692914 
  16          1             0       -3.157983    0.468875   -0.058474 
  17          1             0       -2.259991    0.957989   -1.480957 
  18          1             0       -1.718233   -0.392742    1.909849 
  19          1             0       -0.033073    0.139466    2.061409 
  20          1             0        2.909553    1.273602   -0.205265 
  21          1             0        3.213135   -0.144524   -1.222159 




-0.252896\PG=C01 [X(C8H13O1)] \NImag=0\\@ 
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B8.8. endo-Addition products 
 









Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.509104    0.441242    1.110581 
   2          6             0       -1.353811   -0.571875    0.958040 
   3          6             0       -0.224590    0.351505    0.414692 
   4          6             0       -1.011561    1.261161   -0.501983 
   5          6             0       -2.462161    0.898786   -0.372494 
   6          6             0       -2.665253   -0.471628   -1.103809 
   7          6             0       -1.872082   -1.467322   -0.195955 
   8          8             0        0.799093   -0.398159   -0.248637 
   9          6             0        2.185141   -0.033898   -0.046470 
  10          6             0        2.437677    1.432150   -0.436074 
  11          6             0        2.609240   -0.300572    1.408806 
  12          6             0        2.944517   -0.970499   -0.992579 
  13          1             0        0.214064    0.905118    1.258718 
  14          1             0       -1.060224   -1.123241    1.855406 
  15          1             0       -2.528378   -2.248844    0.201589 
  16          1             0       -1.049969   -1.955793   -0.723213 
  17          1             0       -3.732704   -0.722037   -1.145213 
  18          1             0       -2.289809   -0.445531   -2.131041 
  19          1             0       -3.173780    1.670704   -0.678173 
  20          1             0       -3.457792   -0.033528    1.386156 
  21          1             0       -2.296931    1.250719    1.817692 
  22          1             0       -0.571507    1.795395   -1.337517 
  23          1             0        3.682650   -0.119499    1.531782 
  24          1             0        2.085590    0.349468    2.117103 
  25          1             0        2.401589   -1.341039    1.677521 
  26          1             0        4.023783   -0.798190   -0.924775 
  27          1             0        2.741086   -2.014777   -0.736509 
  28          1             0        2.627418   -0.803864   -2.026475 
  29          1             0        3.502212    1.671905   -0.341035 
  30          1             0        2.138031    1.608206   -1.474000 




-0.0262525\PG=C01 [X(C11H19O1)] \NImag=0\\@ 
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B8.8.1.2 BHandHLYP/6-31+G**// BHandHLYP/6-31+G** 
Standard orientation: 
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
    1          6             0       -1.859512   -1.453957   -0.200021 
    2          6             0       -1.349398   -0.573301    0.953670 
    3          6             0       -2.491343    0.439143    1.098708 
    4          6             0       -2.433838    0.895266   -0.370929 
    5          6             0       -2.636687   -0.457437   -1.101867 
    6          6             0       -0.985374    1.247206   -0.491105 
    7          6             0       -0.217906    0.333605    0.429633 
    8          8             0        0.794096   -0.415221   -0.208696 
    9          6             0        2.159706   -0.034109   -0.047350 
   10          6             0        2.913603   -0.974986   -0.975352 
   11          6             0        2.385045    1.414149   -0.473768 
   12          6             0        2.612036   -0.255967    1.394807 
   13          1             0        0.206138    0.884888    1.270731 
   14          1             0       -1.070545   -1.127238    1.844407 
   15          1             0       -2.517585   -2.228442    0.185652 
   16          1             0       -1.042400   -1.940259   -0.719991 
   17          1             0       -3.696007   -0.703552   -1.150592 
   18          1             0       -2.258083   -0.430523   -2.119378 
   19          1             0       -3.131075    1.669494   -0.674496 
   20          1             0       -3.437289   -0.026927    1.365430 
   21          1             0       -2.280505    1.239668    1.804004 
   22          1             0       -0.539789    1.749104   -1.333174 
   23          1             0        3.678474   -0.066593    1.488915 
   24          1             0        2.102042    0.404233    2.090845 
   25          1             0        2.417954   -1.282703    1.692321 
   26          1             0        3.982997   -0.785077   -0.931911 
   27          1             0        2.732394   -2.007384   -0.690593 
   28          1             0        2.577254   -0.841079   -1.999328 
   29          1             0        3.439837    1.666753   -0.401028 
   30          1             0        2.070455    1.558844   -1.503633 




0.3485412\PG=C01 [X(C11H19O1)] \NImag=0\\@ 
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B8.8.1.3 BHandHLYP/6-311G**// BHandHLYP/6-311G** 
Standard orientation: 
--------------------------------------------------------------------- 
Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
    1          6             0       -2.490589    0.441345    1.095280 
    2          6             0       -1.343228   -0.563913    0.957630 
    3          6             0       -0.218469    0.344202    0.424071 
    4          6             0       -0.991505    1.248354   -0.498597 
    5          6             0       -2.435885    0.887624   -0.376676 
    6          6             0       -2.628262   -0.470497   -1.098224 
    7          6             0       -1.843616   -1.454560   -0.190916 
    8          8             0        0.790230   -0.404570   -0.215504 
    9          6             0        2.155520   -0.033781   -0.046595 
   10          6             0        2.392660    1.413752   -0.464902 
   11          6             0        2.599435   -0.265598    1.395228 
   12          6             0        2.904374   -0.974868   -0.976203 
   13          1             0        0.206430    0.902650    1.258438 
   14          1             0       -1.060357   -1.108525    1.850520 
   15          1             0       -2.493286   -2.233751    0.195082 
   16          1             0       -1.019828   -1.931209   -0.705216 
   17          1             0       -3.683974   -0.725515   -1.144737 
   18          1             0       -2.250215   -0.446806   -2.114270 
   19          1             0       -3.137791    1.653240   -0.684652 
   20          1             0       -3.432540   -0.027549    1.364583 
   21          1             0       -2.283994    1.247305    1.793079 
   22          1             0       -0.549467    1.756882   -1.336497 
   23          1             0        3.665919   -0.086999    1.496296 
   24          1             0        2.091021    0.395214    2.089991 
   25          1             0        2.393608   -1.290730    1.685889 
   26          1             0        3.973953   -0.792988   -0.933145 
   27          1             0        2.714712   -2.005320   -0.694875 
   28          1             0        2.566678   -0.834970   -1.997528 
   29          1             0        3.447572    1.659330   -0.387505 
   30          1             0        2.082533    1.564083   -1.494098 




-0.0478412\PG=C01 [X(C11H19O1)] \NImag=0\\@ 
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Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.573266   -0.525040    1.065917 
   2          6             0        1.394296   -0.980084   -0.407762 
   3          6             0       -0.084063   -1.237459   -0.436465 
   4          6             0       -0.735487   -0.266727    0.523064 
   5          6             0        0.486191    0.569491    0.984691 
   6          6             0        1.644961    0.371219   -1.160001 
   7          6             0        0.991789    1.423841   -0.206195 
   8          8             0       -1.743490    0.572936   -0.048210 
   9          6             0       -2.992463   -0.070004   -0.227994 
  10          1             0       -0.610565   -1.777191   -1.216758 
  11          1             0       -1.181376   -0.783813    1.394103 
  12          1             0        2.025410   -1.802123   -0.756165 
  13          1             0        0.293203    1.140637    1.896240 
  14          1             0        1.730717    2.152047    0.144558 
  15          1             0        0.176878    1.974650   -0.680136 
  16          1             0        2.722382    0.541907   -1.276594 
  17          1             0        1.198683    0.371349   -2.158822 
  18          1             0        2.569212   -0.118368    1.274874 
  19          1             0        1.351216   -1.315708    1.790771 
  20          1             0       -3.382901   -0.459562    0.725198 
  21          1             0       -3.684712    0.680989   -0.615985 




0.0387918\PG=C01 [X(C8H13O1)] \NImag=0\\@ 
  





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.558898   -0.511950    1.063129 
   2          6             0        1.386282   -0.974636   -0.395294 
   3          6             0       -0.086881   -1.230921   -0.426775 
   4          6             0       -0.733457   -0.256662    0.524014 
   5          6             0        0.480004    0.574076    0.972382 
   6          6             0        1.634261    0.355836   -1.152883 
   7          6             0        0.981231    1.409761   -0.218506 
   8          8             0       -1.729868    0.564083   -0.043019 
   9          6             0       -2.962534   -0.071964   -0.230591 
  10          1             0       -0.607772   -1.739040   -1.220808 
  11          1             0       -1.167263   -0.769560    1.391364 
  12          1             0        2.011185   -1.796233   -0.729897 
  13          1             0        0.290018    1.151115    1.871189 
  14          1             0        1.712640    2.138209    0.121785 
  15          1             0        0.171789    1.949379   -0.695894 
  16          1             0        2.702791    0.529081   -1.267298 
  17          1             0        1.194686    0.346553   -2.145890 
  18          1             0        2.546833   -0.106920    1.269943 
  19          1             0        1.336729   -1.290787    1.788675 
  20          1             0       -3.357720   -0.454625    0.712749 
  21          1             0       -3.649652    0.667487   -0.625999 




0.0527005\PG=C01 [X(C8H13O1)] \NImag=0\\@ 





Center     Atomic     Atomic              Coordinates (Angstroms) 
Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.562791   -0.515379    1.056477 
   2          6             0        1.387550   -0.967385   -0.404151 
   3          6             0       -0.082601   -1.231001   -0.432242 
   4          6             0       -0.731461   -0.264980    0.523464 
   5          6             0        0.479154    0.564731    0.978101 
   6          6             0        1.624911    0.369389   -1.151851 
   7          6             0        0.967848    1.411454   -0.208707 
   8          8             0       -1.723081    0.560779   -0.038310 
   9          6             0       -2.954716   -0.069891   -0.230764 
  10          1             0       -0.602570   -1.749009   -1.218222 
  11          1             0       -1.165049   -0.785751    1.384795 
  12          1             0        2.015281   -1.781219   -0.746328 
  13          1             0        0.288329    1.132674    1.880159 
  14          1             0        1.692796    2.144842    0.129769 
  15          1             0        0.149896    1.942223   -0.677016 
  16          1             0        2.690367    0.551002   -1.267245 
  17          1             0        1.183099    0.364165   -2.142121 
  18          1             0        2.548235   -0.108318    1.262787 
  19          1             0        1.345736   -1.300184    1.774641 
  20          1             0       -3.353301   -0.457931    0.708217 
  21          1             0       -3.640239    0.671708   -0.621638 




0.057588\PG=C01 [X(C8H13O1)] \NImag=0\\@ 
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1H (400 MHz; top) and 13C NMR spectra (101 MHz; bottom) of 2-(2-methyl-
propyl-2-sulfanyl)-5-(4-methoxyphenyl)-4-methylthiazole N-Oxide (4a) in CDCl3.
[23] 
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Figure B15. 1H (600 MHz; top) and 13C NMR spectra (151 MHz; bottom) of 2-(2-methyl-butyl-
2-sulfanyl)-5-(4-methoxyphenyl)-4-methylthiazole N-Oxide (4b) (●) and isopropyl urea (○) in 
CDCl3. 





















Figure B16. 1H (400 MHz; top) and 13C NMR spectra (101 MHz; bottom) of  2-(2-methyl-5-
phenylsulfanyl)-5-(4-methoxyphenyl)-4-methylthiazole N-Oxide (4c) (●) and isopropyl urea 
(○) in C6D6. 







Figure B17. 1H (400 MHz; top) and 13C NMR spectra (101 MHz; bottom) of 2-(2-phenyl-
propyl-2-sulfanyl)-5-(4-methoxyphenyl)-4-methylthiazole N-Oxide (4d) in CDCl3. 







Figure B18. 1H (400 MHz; top) and 13C NMR spectra (101 MHz; bottom) of  2-[2-(4-chloro-
phenyl)-propyl -2-sulfanyl]-5-(4-methoxyphenyl)-4-methylthiazole N-Oxide (4e) in CDCl3. 







Figure B19. 1H (400 MHz; top) and 13C NMR spectra (151 MHz; bottom) of  2-(1-methyl-1-
phenylpent-4-enyl-2-sulfanyl]-5-(4-methoxyphenyl)-4-methylthiazole N-Oxide (4f) in CDCl3. 







Figure B20. 1H (400 MHz; top) and 13C NMR spectra (101 MHz; bottom) of 1,2-bis-[5-(4-
methoxyphenyl)-4-methylthiaz-3-yl]-disulfane (5) in CDCl3.  







Figure B21. 1H (400 MHz; top) and 13C NMR spectra (101 MHz; bottom) of 5-(p- 
methoxyphenyl)-4-methylthiazole-2(3H)-thione (8) in CDCl3.  






Figure B22. 1H NMR (400 MHz; top) and 13C NMR spectra (101 MHz; bottom) of  2-(3-chloro-
bicyclo[2.2.1]hept-2-ylsulfanyl)-5-(p-methoxyphenyl)-4-methylthiazole (18) (bottom) in 
CDCl3.  
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Supporting Information for:  
Heterocyclic O-(tert-Butyl) Thiohydroxamates 
 
Christine Schur,a Manuel Zimmer,b Harald Kelm,c Markus Gerhards,b and Jens Hartung*a 
 
a
 Fachbereich Chemie, Organische Chemie, Technische Universität Kaiserslautern, 
Erwin-Schrödinger-Straße, D-67663 Kaiserslautern, Germany  
 
b
 Fachbereich Chemie, Physikalische Chemie & Research Center Optimas, Technische 
Universität Kaiserslautern, Erwin-Schrödinger-Straße, D-67663 Kaiserslautern, Germany 
 
c
 Fachbereich Chemie, Anorganische Chemie, Technische Universität Kaiserslautern, 
Erwin-Schrödinger-Straße, D-67663 Kaiserslautern, Germany 
 
Contents 
C1 General Remarks ........................................................................................................... 337 
C2 Instrumentation ............................................................................................................ 337 
C3 Reagents and Chromatography .................................................................................... 338 
C4 Supplementary O-Alkyl Thiohydroxamate Chemistry .................................................. 339 
C5 Supplementary Infrared Data of Thiohydroxamic Acids and  
 O-Alkyl Thiohydroxamates ............................................................................................ 340 
C6 Archive of Selected NMR-Spectra ................................................................................ 341 
C7 Computational Chemistry ............................................................................................. 359 
C8 Vibrational Analysis ...................................................................................................... 428 
C9 References .................................................................................................................... 435 
 
ANHANG C  337 
 
C1 General Remarks 
C1.1 Numbering of compounds: Numbering of compounds in the Electronic Supporting 
Information and the accompanying publication are consistent. 
C1.2 References: References refer exclusively to the Electronic Supporting Information. 
 
C2 Instrumentation 
C2.1 Nuclear magnetic resonance (NMR)-spectroscopy: Proton- and carbon-13-NMR 
spectra were measured with Avance I 200, DPX 400, Avance I 600 instruments (Bruker). 
Chemical shifts refer to the δ-scale. Proton resonances of residual non-deuterated solvents 
and carbon chemical shifts of CDCl3 (H 7.26, C 77.0), C6D6 (H 7.16, C 128.06), DMSO[d6] (H 
2.50, C 39.52) were used as internal standards. 
C2.2 Infrared (IR)-spectroscopy: All spectra were measured with a Bruker Vertex 80v FTIR 
spectrometer with a vacuum tight liquid cell (Bruker A140). The cell is composed of housing, 
KBr-windows, separated by two Mylar® spacers with a variable thickness of 0.006 to 0.5 
millimeters and several seal rings. The sample cell with a path length of 0.075 millimeters is 
filled with a millimolar solution of the respective substance dissolved in acetonitrile and 
positioned inside the argon purged sample compartment. An average of 50 spectra at a 
resolution of 4 cm−1 is recorded. A spectrum of acetonitrile is measured and used as 
background that is subtracted from the sample spectrum to yield the final transmission 
spectrum. 
C2.3 Electron impact (EI)-mass spectrometry: Mass spectra (EI, 70 eV) were recorded 
with a Mass Selective Detector HP 6890 (Hewlett Packard). 
C2.4 High resolution mass spectrometry (HRMS) were measured with a GCT Premier 
Micromass instrument (Waters). 
C2.5 Ultraviolet/visible light (UV/Vis)-spectra were recorded in 1-centimeter quartz 
cuvettes with a Cary 100 Conc UV/Vis spectrophotometer (Varian). 
C2.6 Combustion analysis were performed with a vario Micro cube (analytical laboratory, 
Technische Universität Kaiserslautern). 
C2.7 Melting points [°C] were determined on a Koffler hot-plate melting point microscope 
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(Reichert) and are not corrected. 
 
C3  Reagents and Chromatography 
C3.1 Reagents: Benzene, dimethyl formamide, dichloromethane, and diethyl ether were 
purified and dried according to standard procedures.[1] All other reagents were used as 
received from commercial suppliers (Sigma Aldrich, Acros Organics, Fisher Scientific, Merck), 
unless otherwise indicated. 3-Hydroxy-4-methylthiazole-2(3H)thione,[2] N-hydroxy-4-methyl-
thiazole-2(3H)thione tetraethylammonium salt,[3] were prepared according to published 
procedures. 
C3.2 Thin layer chromatography: Reaction progress was monitored via thin layer 
chromatography (tlc) on aluminum sheets coated with silica gel (60 F254, Merck). 
Compounds on developed tlc-sheets were detected with the aid of the UV-VIS indicator 
commercially disposed on the sheets, becoming apparent for example by a hand lamp 
emitting 254 nm light. As alternative method for detecting compounds, developed tlc-
sheets were stained by Ekkert´s reagent and subsequently heated, leading to blue-green 
spots for organobromines, blue spots for alcohols and yellow spots for alkoxyl radical 
precursors. 
C3.3 Column chromatography: Column chromatography (flash chromatography) was 
performed using Geduran Si60 silica gel (40–63 m) as stationary phase. 
C3.4 Gas chromatography coupled to mass spectrometry: Mass spectra (EI, 70 eV) were 
recorded with a Mass Selective Detector HP 6890 (Hewlett Packard) connected to an 
Agilent-gaschromatograph. 
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C4  Supplementary O-Alkyl Thiohydroxamate Chemistry 
C4.1 O-Pentyl 2-pyridylsulfenate (10c). A solution of 1-pentoxy-pyridine-2(1H)-thione 
(376 mg, 1.91 mmol) was dissolved in deaerated perdeuterobenzene (4.0 mL) and placed 
iŶto a ǁater ďath ;ϭϴ‒ϮϬ °CͿ. The reaĐtioŶ ŵiǆture is photolǇzed for ϭϱ ŵiŶ at ϭϴ‒ϮϬ °C ǁith 
150 W tungsten light. A fraction of the solution is immediately analyzed by NMR-
spectroscopy, showing resonances from 1-pentanol, pentanal, O-pentyl 2-pyridylsulfenate 
(10c), and 4-(pyridyl-2-sulfanyl)pentan-1-ol (11). 1-Pentanol. 13C NMR (C6D6, 100 MHz)  
14.3, 22.8, 28.1, 32.9, 62.6. Pentanal. 13C NMR (C6D6, 100 MHz)  13.8, 22.4, 24.2, 43.5, 
200.9. 4-(pyridyl-2-sulfanyl)pentan-1-ol (11).[4] 1H NMR (C6D6, 400 MHz)  1.32 (d, J = 6.9 Hz, 
3 H), 1.42–1.52 (m, 2 H), 1.59–1.66 (m, 2 H), 2.71 (br s, 1 H), 3.57 (t, J = 5.3 Hz, 2 H), 4.18 
(sxt, J = 6.8 Hz, 1 H), 6.376.40 (m, 1 H), 7.36 (dt, Jd = 8.1, Jt = 1.0 Hz, 1 H), 8.17 (ddd, Jd = 4.9, 
1.9, 0.9 Hz, 1 H). 8.26 (ddd, Jd = 5.0, 1.8, 0.9 Hz, 1 H). 
13C NMR (C6D6, 100 MHz)  20.8, 30.1, 
33.8, 38.7, 61.9, 119.1, 122.7, 135.8, 149.5, 160.2. For isolating O-pentyl 2-pyridylsulfenate 
(10c), the content of the NMR-tube was added to the rest of the reaction mixture, which 
was concentrated under reduced pressure. The remaining oil was purified by 
chromatography using a 1/1-mixture (v/v) of diethyl ether/pentane as eluent. O-Pentyl 2-
pyridylsulfenate (10c). Yield: 43%, colorless oil. Rf = 0.78 [diethyl ether/pentane = 1:1 
(v/v)].1H NMR (C6D6, 400 MHz)  0.76–0.81 (m, 3 H), 1.10–1.18 (m, 4 H), 1.44–1.51 (m, 2H), 
3.66 (t, J = 6.7 Hz, 2 H), 6.38 (ddd, Jd = 7.4, 4.8, 1.1 Hz, 1 H), 7.03 (td, Jt = 7,8 Jd= 1.8 Hz, 1 H), 
7.13 (dt, Jd = 8.1, Jt = 0.9 Hz, 1 H), 8.28–8.30 (ddd, Jd = 4.9, 1.8, 1,1 Hz, 1 H). 13C NMR (C6D6, 
100 MHz)  14.0, 22.6, 28.0, 30.4, 79.5, 116.0, 119.0, 136.3, 149.8, 166.0. 1H NMR (CDCl3, 
400 MHz)  0.88–0.94 (m, 3 H), 1.30–1.42 (m, 4 H), 1.71–1.78 (m, 2H), 3.94 (t, J = 6.7 Hz, 2 
H), 6.97 (ddd, Jd = 7.5, 4.9, 1.1 Hz, 1 H), 7.28 (dt, Jd = 8.1, Jt = 0.9 Hz, 1 H), 7.66 (td, Jt = 7,8 Jd= 
1.8 Hz, 1 H), 8.44–8.46 (ddd, Jd = 4.8, 1.8, 0,9 Hz, 1 H). 13C NMR (CDCl3, 100 MHz)  14.0, 
22.4, 27.8, 30.1, 79.7, 116.2, 119.3, 136.8, 149.4, 165.0. Anal. Calcd. for C10H15NOS (197.27): 
C, 60.89; H, 7.66; N, 7.10; S, 16.25 Found: C, 60.64; H, 7.41; N, 7.02; S, 16.17. 
When referenced versus the yield of isolated sulfenate 10c, the yields of the remaining 
products observed via NMR-spectroscopy in the crude reaction mixture calculate as follows: 
10% of 1-pentanol, 3% of pentanal, 43% of O-pentyl 2-pyridylsulfenate (10c), and 12% of 4-
(pyridyl-2-sulfanyl)pentan-1-ol (11). 
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C4.2 4-(Pyridyl-2-sulfanyl)pentan-1-ol (11). A solution of 1-(1-pentoxy)pyridine-
2(1H)thione (4c) (68.30 mg, 346 mol) and deaerated perdeuterobenzene (0.7 mL) and 
photolyzed at 20 °C with 150 W-tungsten light for 5 minutes. The products are immediately 
analyzed by NMR-spectrosocopy and purified by preparative thin layer chromatography 
using a 1/1-mixture of diethyl ether/pentane as eluent, to afford O-pentyl pyridine-2-
sulfenate (10c) (51%; Rf = 0.78) and 4-(pyridyl-2-sulfanyl)pentan-1-ol (11) (32%; Rf = 0.35). 
 
C5  Supplementary Infrared Data of Thiohydroxamic Acids and O-Alkyl 
Thiohydroxamates  
C5.1 3-Hydroxy-5-(4-methoxyphenyl)-4-methylthiazole-2(3H)-thione (1a): IR (CCl4) νmax / 
cm–1 3006, 2960, 2838, 1514, 1361, 1292, 1274, 1253, 1178, 1146, 1038. 
 
C5.2 3-(tert-Butoxy)-5-(4-methoxyphenyl)-4-methylthiazole-2(3H)-thione (1b): IR (CCl4) 
νmax / cm–1 2981, 2935, 2838, 1605, 1510, 1464, 1441, 1393, 1381, 1371, 1333, 1294, 1271, 
1251, 1177, 1133, 1037, 1030, 985. IR (MeCN) νmax / cm–1 2984, 2936, 2846, 1512, 1336, 
1291, 1272, 1251, 1181, 1132, 1028, 988, 837. 
 
C5.3 3-Hydroxy-4-methylthiazole-2(3H)-thione (2a): IR (CCl4) νmax / cm–1 3125, 2969, 
1508, 1440, 1360, 1302, 1188, 1142, 1023, 869. 
 
C5.4 1-Hydroxypyridin-2(1H)-thione (4a): IR (CCl4) νmax / cm–1 3115, 1612, 1563, 1485, 
1456, 1414, 1265, 1193, 1171, 1141, 1076, 859, 834, 826. 
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C6  Archive of Selected NMR-Spectra  
 
 
Figure C1. Proton-1 NMR-spectrum of 3-(2-methylprop-2-oxy)-5-(4-methoxyphenyl)-4-
methylthiazol-2(3H)-thione (1b) (400MHz, CDCl3, 23 °C).  
 
 
Figure C2. Carbon-13 NMR-spectrum of 3-(2-methylprop-2-oxy)-5-(4-methoxyphenyl)-4-
methylthiazol-2(3H)-thione (1b) (150MHz, CDCl3, 23 °C). 




Figure C3. Proton-1 NMR-spectrum of 3-(2-methylprop-2-oxy)-4-methylthiazol-2(3H)-thione 
(2b) (400MHz, CDCl3, 23 °C).  
 
 
Figure C4. Carbon-13 NMR-spectrum of 3-(2-methylprop-2-oxy)-4-methylthiazol-2(3H)-
thione (2b) (100MHz, CDCl3, 23 °C). 




Figure C5. Proton-1 NMR-spectrum of 3-(2-methylprop-2-oxy)-4-methyl-5-(4-nitro-
phenyl)thiazol-2(3H)-thione (3b) (400MHz, CDCl3, 23 °C).  
 
 
Figure C6. Carbon-13 NMR-spectrum of 3-(2-methylprop-2-oxy)-4-methyl-5-(4-nitro-
phenyl)thiazol-2(3H)-thione (3b) (100MHz, CDCl3, 23 °C). 




Figure C7. Proton-1 NMR-spectrum of a 83/17-mixture of 1-(2-methylprop-2-oxy)-pyridine-




Figure C8. Enhancement of the proton-1 NMR-spectrum of a 83/17-mixture of 1-(2-
methylprop-2-oxy)-pyridine-2(1H)-thione (4b) and O-(2-methylprop-2-yl)pyridine-2-sulfen-
ate (10b) (600MHz, CDCl3, 23 °C).  




Figure C9. Carbon-13 NMR-spectrum of a 83/17-mixture of 1-(2-methylprop-2-oxy)-
pyridine-2(1H)-thione (4b) and O-(2-methylprop-2-yl)pyridine-2-sulfenate (10b) (150MHz, 
CDCl3, 23 °C). 
 












Figure C10. Proton-1 NMR-spectrum of a mixture of 2-(2-methylpropyl-2-sulfanyl)-5-(4-
methoxyphenyl)-4-methylthiazole N-oxide (6b) (400MHz, CDCl3, 23 °C). 
 
 
Figure C11. Carbon-13 NMR-spectrum of a mixture of 2-(2-methylpropyl-2-sulfanyl)-5-(4-
methoxyphenyl)-4-methylthiazole N-oxide (6b) (100MHz, CDCl3, 23 °C). 




Figure C12. Proton-1 NMR-spectrum of 2-(2-methylpropyl-2-sulfanyl)-4-methylthiazole N-
oxide (7b) (600MHz, CDCl3, 23 °C).  
 
 
Figure C13. Carbon-13 NMR-spectrum of 2-(2-methylpropyl-2-sulfanyl)-4-methylthiazole N-
oxide (7b) (150MHz, CDCl3, 23 °C). 




Figure C14. Proton-1 NMR-spectrum of 2-(2-methylpropyl-2-sulfanyl)-5-(4-nitrophenyl)-4-
methylthiazole N-oxide (8b) (400MHz, CDCl3, 23 °C).  
 
 
Figure C15. Carbon-13 NMR-spectrum of 2-(2-methylpropyl-2-sulfanyl)-5-(4-nitrophenyl)-4-
methylthiazole N-oxide (8b) (100MHz, CDCl3, 23 °C). 




Figure C16. Proton-1 NMR-spectrum of 2-(2-methylpropyl-2-sulfanyl)pyridine N-oxide (9b) 
(400MHz, CDCl3, 23 °C). 
 
 
Figure C17. Carbon-13 NMR-spectrum of 2-(2-methylpropyl-2-sulfanyl)pyridine N-oxide (9b) 
(100MHz, CDCl3, 23 °C). 




Figure C18. Proton-1 NMR-spectrum of O-(2-methylprop-2-yl)pyridine-2-sulfenate (10b) 
(400MHz, C6D6, 23 °C).  
 
 
Figure C19. Proton-1 NMR-spectrum of O-(2-methylprop-2-yl)pyridine-2-sulfenate (10b) 
(100MHz, C6D6, 23 °C). 




Figure C20. Proton-1 NMR-spectrum of O-pentyl 2-pyridylsulfenate (10c) (400MHz, CDCl3, 
23 °C).  
 
 
Figure C21. Carbon-13 NMR-spectrum of O-pentyl 2-pyridylsulfenate (10c) (100MHz, CDCl3, 
23 °C). 








Figure C23. Carbon-13 NMR-spectrum of O-pentyl 2-pyridylsulfenate (10c) (100MHz, C6D6, 
23 °C). 




Figure C24. Proton-1 NMR-spectrum of 1-(4-nitrophenyl)propan-2-one (400MHz, CDCl3, 
23 °C).  
 
 
Figure C25. Carbon-13 NMR-spectrum of 1-(4-nitrophenyl)propan-2-one (100MHz, CDCl3, 
23 °C). 




Figure C26. Proton-1 NMR-spectrum of 1-chloro-1-(4-nitrophenyl)propan-2-one (400MHz, 
CDCl3, 23 °C).  
 
 
Figure C27. Carbon-13 NMR-spectrum of 1-chloro-1-(4-nitrophenyl)propan-2-one (100MHz, 
CDCl3, 23 °C).  




Figure C28. Proton-1 NMR-spectrum of 1-(ethoxythiocarbonylsulfanyl)-1-(4-nitro-
phenyl)propan-2-one (600MHz, CDCl3, 23 °C).  
 
 
Figure C29. Carbon-13 NMR-spectrum of 1-(ethoxythiocarbonylsulfanyl)-1-(4-nitrophenyl)-
propan-2-one (150MHz, CDCl3, 23 °C).  




Figure C30. Proton-1 NMR-spectrum of a 60/40-mixture of E/Z-isomers of (ethoxythio-
carbonylsulfanyl)-1-(4-nitrophenyl)propan-2-one oxime (200MHz, CDCl3, 23 °C).  
 
 
Figure C31. Carbon-13 NMR-spectrum of a 60/40-mixture of E/Z-isomers of (ethoxythio-
carbonylsulfanyl)-1-(4-nitrophenyl)propan-2-one oxime (100MHz, CDCl3, 23 °C).  




Figure C32. Proton-1 NMR-spectrum of 3-hydroxy-4-methyl-5-(4-nitrophenyl)thiazole-2(3H)-
thione (3a) (400MHz, CDCl3, 23 °C).  
 
 
Figure C33. Carbon-13 NMR-spectrum of 3-hydroxy-4-methyl-5-(4-nitrophenyl)thiazole-
2(3H)-thione (3a) (100MHz, CDCl3, 23 °C).  




Figure C34. Proton-1 NMR-spectrum of 2-brom-2-phenyl-1-(2-methyl-2-propoxy)ethan (14) 
(400MHz, CDCl3, 23 °C).  
 
 
Figure C35. Carbon-13 NMR-spectrum of 2-brom-2-phenyl-1-(2-methyl-2-propoxy)ethan 
(14) (100MHz, CDCl3, 23 °C).  
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C7 Computational Chemistry 
 
C7.1 Computational Details 
Calculations were performed with the Gaussian03[5] suite of program, using density 
functional/Hartree-Fock hybrid models B3LYP and BHandHLYP, and Møller-Plesset second 
order pertubation theory MP2 in combination with the split valance double- basis set 6-
31+G(d,p). No symmetry or internal coordinate constraints were applied during energy 
function minimization. All energy fuction minimizations were conducted using ultrafine grid 
in combination with the tight option. Absence of an imaginary mode of vibration served as 
evidence for assigning computed structures as minimum on the potential energy surface. 
Approximate Gibbs free energies (G298.15) were obtained through thermochemical analysis 
for 298.15 K by unscaled frequency calculation from the thermal correction reported by 
Gaussian03. Likewise obtained Gibbs free energies take into account zero-point correction, 
thermal correction, and entropy. All transition structures were maxima on electronic 
potential energy hypersurface, which may not correspond to maxima on the free energy 
surface. 
All NBO-calculations[6] were performed with the density functional/Hartree-Fock hybrid 
model B3LYP and split valance double- basis sets 6-31G(d) using input coordinates from 
B3LYP/6-31+G(d,p)-energy minimized structures. 
Vibrational analysis of 3-(tert-butoxy)thiazolethiones were performed from B3LYP-energy-
minimized structures, considering corrections from Grimme (D3 dispersion parameters), and 
using the TZVP-basis set. For energy minimizing structures we used the Berny algorithm 
implemented in GAUSSIAN, and energies and gradients from TURBOMOLE, for shortening 
computing time. Computed harmonic vibrational frequencies were scaled by factor 0.99, 
since calculated vibrational frequencies disregarding anharmonicities generally are larger 
than experimental values. For comparing computed to experimental spectra, we 
transformed line spectra usign Lorentzian-functions with full width at half maximum 
(FWHM) of 15 cm–1 into simulated spectra. 
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C7.2 Ball-and-Stick Presentations of Computed Structures 
Graphics displaying computed equilibrium structures in the succeeding sections were 
generated from B3LYP-calculated atomic coordinates, which were file-converted with 
OpenBabel[7] for generating presentation graphics with ChemPlus-add on (release 1.6) for 
HyperChem 4.5[8] MP2-calculated geometries differed insignificantly with respect to bond 
lengths, bond angles and torsion angles, but showed similar conformations for energy-
minimized structures and therefore were presented separately. In succeeding depictions of 
modelled compounds, oxygen is displayed in red, carbon in gray, nitrogen in blue, sulfur in 
yellow, and hydrogen in white.  
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C7.3 3-(tert-Butoxy)-4-methylthiazole-2(3H)thione (2b) 
 
Figure C36. Computed minimum structure of 3-(tert-butoxy)thiazolethione 2b. 
 




 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.321658    0.303111   -0.253638 
   2          6             0        1.146446   -0.794600   -0.119921 
   3         16             0        2.747954   -0.174657    0.300137 
   4          6             0        2.222647    1.489461    0.155528 
   5          6             0        0.911935    1.575584   -0.159847 
   6          6             0        0.114582    2.813080   -0.414434 
   7         16             0        0.777878   -2.403366   -0.295891 
   8          8             0       -0.940035    0.184397   -0.788242 
   9          6             0       -2.092845   -0.071540    0.156217 
  10          6             0       -3.037235    1.119401   -0.031528 
  11          6             0       -2.740284   -1.355931   -0.363685 
  12          6             0       -1.628992   -0.205116    1.602919 
  13          1             0        2.906701    2.313056    0.299403 
  14          1             0        0.786625    3.673607   -0.441188 
  15          1             0       -0.416389    2.748192   -1.368395 
  16          1             0       -0.629091    2.986969    0.369503 
  17          1             0       -3.987758    0.920501    0.474470 
  18          1             0       -2.620721    2.040775    0.383533 
  19          1             0       -3.245051    1.277825   -1.093967 
  20          1             0       -3.647822   -1.572063    0.210644 
  21          1             0       -3.019609   -1.240468   -1.415447 
  22          1             0       -2.048740   -2.195348   -0.280606 
  23          1             0       -2.510545   -0.367162    2.231234 
  24          1             0       -0.959261   -1.058007    1.733213 
  25          1             0       -1.130502    0.701497    1.959557 
--------------------------------------------------------------------- 
 
Zero-point correction=                     0.200656 (Hartree/Particle) 
Thermal correction to Energy=              0.214231 
Thermal correction to Enthalpy=            0.215176 
Thermal correction to Gibbs Free Energy=   0.160853 
Sum of electronic and zero-point Energies=          -1238.810630 
Sum of electronic and thermal Energies=             -1238.797055 
Sum of electronic and thermal Enthalpies=           -1238.796111 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        0.888687    1.564171   -0.162414 
   2          7             0        0.315141    0.295414   -0.259282 
   3          6             0        1.141518   -0.775866   -0.121166 
   4         16             0        2.717535   -0.156782    0.299510 
   5          6             0        2.185283    1.492112    0.155707 
   6          8             0       -0.930582    0.166145   -0.776802 
   7          6             0       -2.060453   -0.080085    0.151804 
   8          6             0       -1.602254   -0.181970    1.593188 
   9         16             0        0.791023   -2.379744   -0.295659 
  10          6             0        0.080124    2.785285   -0.415325 
  11          6             0       -3.014306    1.087218   -0.052013 
  12          6             0       -2.699798   -1.369975   -0.333298 
  13          1             0        2.855198    2.316502    0.300701 
  14          1             0        0.738709    3.645221   -0.455040 
  15          1             0       -0.455960    2.706400   -1.355488 
  16          1             0       -0.648529    2.952631    0.372080 
  17          1             0       -3.952532    0.888062    0.458685 
  18          1             0       -2.609828    2.014590    0.339113 
  19          1             0       -3.225859    1.220287   -1.108902 
  20          1             0       -3.600340   -1.572124    0.241408 
  21          1             0       -2.975649   -1.279539   -1.380007 
  22          1             0       -2.012316   -2.199641   -0.231400 
  23          1             0       -2.477677   -0.340312    2.216579 
  24          1             0       -0.929291   -1.019330    1.739639 
  25          1             0       -1.116988    0.729280    1.931506 
--------------------------------------------------------------------- 
 
Zero-point correction=                     0.208528 (Hartree/Particle) 
Thermal correction to Energy=              0.221583 
Thermal correction to Enthalpy=            0.222527 
Thermal correction to Gibbs Free Energy=   0.169280 
Sum of electronic and zero-point Energies=          -1238.486397 
Sum of electronic and thermal Energies=             -1238.473342 
Sum of electronic and thermal Enthalpies=           -1238.472398 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        0.878595    1.569826   -0.180808 
   2          7             0        0.311148    0.298922   -0.266303 
   3          6             0        1.142899   -0.792100   -0.125947 
   4         16             0        2.711128   -0.158673    0.320024 
   5          6             0        2.190342    1.483061    0.161206 
   6          8             0       -0.941852    0.150516   -0.816567 
   7          6             0       -2.053047   -0.077295    0.165837 
   8          6             0       -1.532926   -0.154565    1.586945 
   9         16             0        0.765111   -2.384408   -0.318138 
  10          6             0        0.068018    2.789841   -0.444217 
  11          6             0       -3.005278    1.091882   -0.025402 
  12          6             0       -2.704910   -1.373560   -0.280573 
  13          1             0        2.862862    2.310646    0.312030 
  14          1             0        0.736928    3.642881   -0.533416 
  15          1             0       -0.497783    2.681971   -1.367262 
  16          1             0       -0.632513    2.990141    0.364713 
  17          1             0       -3.929338    0.903423    0.521138 
  18          1             0       -2.576378    2.021652    0.339663 
  19          1             0       -3.247914    1.205301   -1.081085 
  20          1             0       -3.590938   -1.563438    0.326042 
  21          1             0       -3.010543   -1.293090   -1.322920 
  22          1             0       -2.009708   -2.201179   -0.184023 
  23          1             0       -2.385482   -0.302320    2.249746 
  24          1             0       -0.851451   -0.992857    1.715150 
  25          1             0       -1.032954    0.767052    1.884471 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.205682 (Hartree/Particle) 
Thermal correction to Energy=               0.219051 
Thermal correction to Enthalpy=             0.219995 
Thermal correction to Gibbs Free Energy=    0.166112 
Sum of electronic and zero-point Energies=          -1236.416853 
Sum of electronic and thermal Energies=             -1236.403484 
Sum of electronic and thermal Enthalpies=           -1236.402540 
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/ a.u. a 
Erel 








/ a.u. b 
E n2(O) 
/ a.u. b 
En1(N) 
/ a.u. b 
0 129.0 –1238.9930907 47.8 1.4091 1.3725 1.6740 –0.61044 –0.32691 –0.28811 
15 128.5 –1238.9940060 45.4 1.4068 1.3736 1.6733 –0.61068 –0.32717 –0.28829 
30 126.8 –1238.9967176 38.2 1.4003 1.3744 1.6713 –0.61179 –0.32776 –0.28871 
45 124.3 –1239.0009268 27.2 1.3914 1.3755 1.6683 –0.61474 –0.32802 –0.28904 
60 121.8 –1239.0057168 14.6 1.3824 1.3761 1.6651 –0.62037 –0.32707 –0.28890 
75 119.6 –1239.0096020 4.4 1.3765 1.3768 1.6624 –0.62808 –0.32447 –0.28809 
90 118.2 –1239.0112750 0.03 1.3753 1.3792 1.6600 –0.63401 –0.32226 –0.28675 
105 117.6 –1239.0099428 3.5 1.3786 1.3839 1.6576 –0.63280 –0.32349 –0.30140 
120 118.0 –1239.0054471 15.3 1.3846 1.3902 1.6553 –0.63028 –0.32301 –0.31067 
135 119.6 –1238.9980818 34.7 1.3934 1.3964 1.6539 –0.62683 –0.31978 –0.31780 
150 122.8 –1238.9891114 58.2 1.4033 1.3989 1.6542 –0.61865 –0.31842 –0.31658 
165 127.2 –1238.9810731 79.3 1.4089 1.3940 1.6569 –0.60565 –0.31996 –0.30201 
180 130.2 –1238.9771589 89.6 1.4074 1.3869 1.6595 –0.59573 –0.32022 –0.28197 
91.3 118.3 –1239.0112861 0.0 1.3754 1.3795 1.6598 –0.63423 –0.32227 –0.28662 
a 1 atom unit = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1 or b 1. a.u. = 27.211 eV; e nN(X) = non-bonding electron pair 
 number N at heteroatom X 
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/ a.u. a 
Erel 








/ a.u. b 
En2(O) 
/ a.u. b 
En1(N) 
/ a.u. b 
90 108.1 –1238.9661922 110.5 1.4446 1.3949 1.6514 –0.76494 –0.32172 –0.32754 
100 98.3 –1238.9935442 46.6 1.4062 1.3814 1.6586 –0.72634 –0.32288 –0.30421 
110 94.6 –1239.0080007 8.6 1.3871 1.3804 1.6591 –0.67449 –0.32358 –0.28658 
120 90.4 –1239.0111254 0.4 1.3731 1.3793 1.6600 –0.62503 –0.32181 –0.28660 
130 85.4 –1239.0056229 14.9 1.3634 1.3776 1.6612 –0.57445 –0.32094 –0.28625 
118.3 91.3 –1239.0112861 0.0 1.3754 1.3795 1.6598 –0.63423 –0.32227 –0.28662 
129.0 0.0 –1238.9930907 47.8 1.4091 1.3733 1.6740 –0.61044 –0.32691 –0.28811 
130.2 180.0 –1238.9771589 89.6 1.4074 1.3869 1.6595 –0.59573 –0.32022 –0.28197 
a 1 a.u. = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; e nN(X) = non-bonding electron pair number N at 
heteroatom X. 
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Table C3. Calculated parameters and energies associated with angle variation at thiohydroxmate oxygen in MTTOtBu (2b) 
 
 N3,O8,C9  
/ deg 
E1N3,O8) a 
/ kJ mol–1 
E2N3,O8) b 
/ kJ mol–1 
E3N3,O8) c 
/ kJ mol–1 
E4N3,C4) d 
/ kJ mol–1 
E5N3,C2) e 









90 40.7 36.4 36.4 97.4 92.7 87.11 80.64 32.25 99.50 
100 43.0 47.0 50.4 123.9 219.9 83.88 78.98 36.89 99.75 
110 66.2 53.8 68.3 139.6 256.2 81.32 74.97 43.37 99.85 
120 71.2 56.8 77.9 141.5 257.4 78.93 71.44 49.26 99.92 
130 76.3 57.4 82.6 142.4 266.4 76.43 68.19 55.48 99.49 
118.3 70.2 56.4 76.4 141.2 256.5 79.39 72.07 48.17 99.91 
129.0 46.7 35.3 – e 134.9 299.3 80.92 66.64 52.29 99.95 
130.2 66.3 35.1 – e 143.8 245.9 80.71 67.17 51.84 99.86 
a [(C4,C5)→*(N3,O8)] + [(S1,C2)→*(N3,O8)] + [(C9,C10–12)→*(N3,O8)]. b [n1/2(O)→*(N3,C2)] + [n1/2(O)→*(N3,C4)]. c 
n1(N)→*(O8,C9). d n1(N)→*(N3,C2). e n1(N)→*(N3,C4). e nN(X) = non-bonding electron pair number N at heteroatom X. f Below default 
threshhold of 2.1 kJ mol–1.
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Figure C37. Computed minimum structure of 3-(methoxy)thiazolethione 2d. 
 
 




 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.338230    0.352259   -0.139329 
   2          6             0       -0.892744   -0.255615   -0.066257 
   3         16             0       -0.569006   -1.976246    0.208161 
   4          6             0        1.167696   -1.740595    0.127168 
   5          6             0        1.489047   -0.442867   -0.070794 
   6          6             0        2.839263    0.177954   -0.230358 
   7         16             0       -2.389193    0.448486   -0.197219 
   8          8             0        0.460804    1.683632   -0.482366 
   9          6             0        0.262410    2.550573    0.658991 
  10          1             0        1.853523   -2.569414    0.224453 
  11          1             0        3.605536   -0.597337   -0.165484 
  12          1             0        2.927370    0.681375   -1.198105 
  13          1             0        3.036083    0.923064    0.547729 
  14          1             0        0.396223    3.555520    0.256317 
  15          1             0       -0.749018    2.432056    1.052060 
  16          1             0        1.013411    2.347310    1.429693 
 --------------------------------------------------------------------- 
  
Zero-point correction=                      0.117026 (Hartree/Particle) 
Thermal correction to Energy=               0.126677 
Thermal correction to Enthalpy=             0.127621 
Thermal correction to Gibbs Free Energy=    0.081829 
Sum of electronic and zero-point Energies=          -1120.936373 
Sum of electronic and thermal Energies=             -1120.926723 
Sum of electronic and thermal Enthalpies=           -1120.925779 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.338168    0.343415   -0.143887 
   2          6             0       -0.885378   -0.237286   -0.066627 
   3         16             0       -0.608340   -1.940864    0.207485 
   4          6             0        1.121347   -1.746975    0.128776 
   5          6             0        1.464328   -0.469921   -0.072177 
   6          6             0        2.817085    0.125483   -0.233247 
   7         16             0       -2.360219    0.492029   -0.194972 
   8          8             0        0.483954    1.652429   -0.475029 
   9          6             0        0.329949    2.511780    0.655169 
  10          1             0        1.785720   -2.582570    0.227291 
  11          1             0        3.564887   -0.656215   -0.168933 
  12          1             0        2.907454    0.621974   -1.194693 
  13          1             0        3.021837    0.862001    0.538965 
  14          1             0        0.477782    3.509106    0.261725 
  15          1             0       -0.667303    2.416086    1.066044 
  16          1             0        1.083774    2.289170    1.405475 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.121946 (Hartree/Particle) 
Thermal correction to Energy=               0.131258 
Thermal correction to Enthalpy=             0.132202 
Thermal correction to Gibbs Free Energy=    0.087120 
Sum of electronic and zero-point Energies=          -1120.694149 
Sum of electronic and thermal Energies=             -1120.684837 
Sum of electronic and thermal Enthalpies=           -1120.683893 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.338349    0.352166   -0.109540 
   2          6             0       -0.888806   -0.269179   -0.058319 
   3         16             0       -0.550060   -1.967209    0.210158 
   4          6             0        1.164322   -1.732372    0.116492 
   5          6             0        1.489403   -0.427510   -0.074372 
   6          6             0        2.825298    0.209752   -0.234576 
   7         16             0       -2.370976    0.434731   -0.205941 
   8          8             0        0.440061    1.677795   -0.488643 
   9          6             0        0.231902    2.527317    0.664326 
  10          1             0        1.854360   -2.554616    0.202234 
  11          1             0        3.593346   -0.558761   -0.194594 
  12          1             0        2.890774    0.730207   -1.187942 
  13          1             0        3.017175    0.932510    0.557316 
  14          1             0        0.313089    3.534561    0.268639 
  15          1             0       -0.759444    2.356860    1.073082 
  16          1             0        1.005635    2.343321    1.408416 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.119657 (Hartree/Particle) 
Thermal correction to Energy=               0.129297 
Thermal correction to Enthalpy=             0.130242 
Thermal correction to Gibbs Free Energy     0.084448 
Sum of electronic and zero-point Energies=          -1118.917497 
Sum of electronic and thermal Energies=             -1118.907856 
Sum of electronic and thermal Enthalpies=           -1118.906912 
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/ a.u. a 
Erel 








/ a.u. b 
En2(O) 
/ a.u. b 
En1(N) 
/ a.u. b 
0 120.4 –1121.0396277 36.2 1.4021 1.3698 1.6720 –0.64033 –0.33915 –0.29358 
15 119.5 –1121.0408610 32.9 1.4002 1.3706 1.6709 –0.64091 –0.33915 –0.29381 
30 117.7 –1121.0438894 25.0 1.3951 1.3716 1.6686 –0.64170 –0.33982 –0.29432 
45 115.8 –1121.0475578 15.3 1.3890 1.3722 1.6659 –0.64329 –0.34121 –0.29475 
60 113.9 –1121.0509333 6.5 1.3842 1.3729 1.6634 –0.64772 –0.34175 –0.29485 
75 112.3 –1121.0530641 0.9 1.3809 1.3737 1.6606 –0.65411 –0.34021 –0.29431 
90 111.5 –1121.0532003 0.5 1.3806 1.3761 1.6577 –0.65947 –0.33736 –0.29328 
105 111.5 –1121.0513886 5.3 1.3835 1.3802 1.6551 –0.65848 –0.33741 –0.30598 
120 112.1 –1121.0480320 14.1 1.3886 1.3852 1.6531 –0.65505 –0.33798 –0.31305 
135 113.5 –1121.0432673 26.6 1.3941 1.3895 1.6518 –0.65015 –0.33627 –0.31801 
150 115.3 –1121.0377083 41.2 1.3984 1.3902 1.6519 –0.64339 –0.33504 –0.31716 
165 117.6 –1121.0323206 55.3 1.4021 1.3877 1.6534 –0.63777 –0.33483 –0.30914 
180 119.6 –1121.0293940 63.0 1.3994 1.3802 1.6566 –0.63407 –0.33560 –0.29058 
83.4 111.7 –1121.0533999 0.0 1.3803 1.3748 1.6590 –0.65759 –0.33845 –0.29377 
a 1 a.u. = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; nN(X) = non-bonding electron pair number N at 
heteroatom X. 
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/ a.u. a 
Erel 








/ a.u. b 
En2(O) 
/ a.u. b 
En1(N) 
/ a.u. b 
90 93.0 –1121.0294988 62.8 1.4340 1.3762 1.6569 –0.75831 –0.33644 –0.29798 
100 88.3 –1121.0471247 16.5 1.4026 1.3753 1.6582 –0.71007 –0.33824 –0.29553 
110 84.1 –1121.0532805 0.3 1.3828 1.3749 1.6589 –0.66512 –0.33843 –0.29400 
120 79.4 –1121.0508055 6.8 1.3705 1.3741 1.6596 –0.61950 –0.33940 –0.29278 
130 73.5 –1121.0419043 30.2 1.36121 1.3726 1.6605 –0.56522 –0.34576 –0.29197 
111.7 83.4 –1121.0533999 0.0 1.3803 1.3748 1.65899 –0.65759 –0.33845 –0.29377 
120.4 0.0 –1121.0396277 36.2 1.4022 1.3698 1.6720 –0.64033 –0.33195 –0.29358 
119.6 180.0 –1121.029394 63.0 1.3994 1.3802 1.6560 –0.63407 –0.33560 –0.29058 
a 1 a.u. = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; nN(X) = non-bonding electron pair number N at 
heteroatom X. 
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Table C6. Calculated parameters and energies associated with angle variation at thiohydroxmate oxygen in MTTOCH3 (2d) 
 
 N3,O8,C9  
/ deg 
E1N3,O8) a 
/ kJ mol–1 
E2N3,O8) b 
/ kJ mol–1 
E3N3,O8) c 
/ kJ mol–1 
E4N3,C4) d 
/ kJ mol–1 
E5N3,C2) e 









90 58.3 43.0 – f 136.5 253.1 86.24 79.06 34.20 99.90 
100 64.2 49.2 4.1 141.5 269.8 83.26 76.01 40.29 99.87 
110 69.7 52.8 10.5 143.3 273.3 80.67 73.42 45.66 99.71 
120 77.8 52.2 16.2 143.6 275.7 78.24 70.94 51.17 99.16 
130 85.0 52.6 19.5 143.3 277.7 75.61 68.10 58.48 97.38 
111.7 71.1 53.2 11.3 143.4 273.7 80.26 73.01 46.55 99.66 
120.4 73.9 30.8 – f 138.2 294.1 80.75 69.54 49.34 59.93 
119.6 71.0 30.3 – f 146.4 257.2 80.75 79.53 48.53 99.90 
a [C4,C5)→*(N3,O8)] + [((S1,C2)→*(N3,O8)] + [C9,H)→*(N3,O8)]. b [n1/2(O)→*(N3,C2)] + [n1/2(O)→*(N3,C4)]. c 
n1(N)→*(O8,C9). d n1(N)→*(N3,C2). e n1(N)→*(N3,C4). e nN(X) = non-bonding electron pair number N at heteroatom X. f Below a 
threshhold of 2.1 kJ mol–1. 
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Figure C38. Computed minimum structure of 3-(tert-butoxy)pyridinethione 4b. 
 




 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0       -0.432242   -0.346152   -0.371886 
   2          6             0       -1.221234    0.773394   -0.078013 
   3          6             0       -2.568810    0.425737    0.288234 
   4          6             0       -3.037185   -0.862574    0.291542 
   5          6             0       -2.183589   -1.932567   -0.088530 
   6          6             0       -0.894681   -1.631930   -0.429707 
   7         16             0       -0.658765    2.352612   -0.149274 
   8          8             0        0.844568   -0.144117   -0.855177 
   9          6             0        1.976689   -0.267073    0.124003 
  10          6             0        2.534960   -1.690165    0.007971 
  11          6             0        2.967339    0.765584   -0.413023 
  12          6             0        1.546435    0.048688    1.554683 
  13          1             0       -3.211283    1.257658    0.549883 
  14          1             0       -4.067924   -1.062849    0.568651 
  15          1             0       -2.527861   -2.958529   -0.131585 
  16          1             0       -0.169792   -2.358655   -0.768943 
  17          1             0        3.465363   -1.772381    0.579988 
  18          1             0        1.838470   -2.433719    0.408866 
  19          1             0        2.752556   -1.934889   -1.036064 
  20          1             0        3.891024    0.737623    0.174226 
  21          1             0        3.216200    0.550913   -1.456851 
  22          1             0        2.532150    1.765828   -0.358368 
  23          1             0        2.428673   -0.010086    2.200213 
  24          1             0        1.125853    1.053144    1.628453 
  25          1             0        0.816418   -0.674412    1.931581 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.206324 (Hartree/Particle) 
Thermal correction to Energy=               0.218542 
Thermal correction to Enthalpy=             0.219486 
Thermal correction to Gibbs Free Energy=    0.167888 
Sum of electronic and zero-point Energies=           -878.719310 
Sum of electronic and thermal Energies=              -878.707092 
Sum of electronic and thermal Enthalpies=            -878.706148 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.882364   -1.614530   -0.431991 
   2          7             0       -0.425279   -0.336646   -0.375371 
   3          6             0       -1.201889    0.762975   -0.081834 
   4          6             0       -2.542449    0.423092    0.289402 
   5          6             0       -3.004636   -0.853326    0.293081 
   6          6             0       -2.155698   -1.917930   -0.090471 
   7          8             0        0.835473   -0.139410   -0.842484 
   8          6             0        1.946046   -0.265329    0.119936 
   9          6             0        1.515147    0.021150    1.546523 
  10         16             0       -0.647436    2.334033   -0.150739 
  11          6             0        2.512587   -1.672382   -0.011942 
  12          6             0        2.932350    0.771964   -0.385401 
  13          1             0       -3.176749    1.249302    0.553502 
  14          1             0       -4.025804   -1.053551    0.573062 
  15          1             0       -2.497292   -2.935919   -0.133430 
  16          1             0       -0.161368   -2.332965   -0.771044 
  17          1             0        3.435727   -1.753591    0.555885 
  18          1             0        1.826147   -2.421080    0.374713 
  19          1             0        2.730837   -1.898824   -1.051578 
  20          1             0        3.842790    0.738947    0.207058 
  21          1             0        3.189949    0.575273   -1.422155 
  22          1             0        2.494586    1.761592   -0.321117 
  23          1             0        2.391823   -0.042081    2.185168 
  24          1             0        1.091549    1.014022    1.637289 
  25          1             0        0.795392   -0.707950    1.908118 
--------------------------------------------------------------------- 
Zero-point correction=                      0.214337 (Hartree/Particle) 
Thermal correction to Energy=               0.226075 
Thermal correction to Enthalpy=             0.227020 
Thermal correction to Gibbs Free Energy=    0.176471 
Sum of electronic and zero-point Energies=           -878.391182 
Sum of electronic and thermal Energies=              -878.379444 
Sum of electronic and thermal Enthalpies=            -878.378499 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -0.889300   -1.611970   -0.491754 
   2          7             0       -0.424964   -0.330213   -0.414351 
   3          6             0       -1.182410    0.797417   -0.089347 
   4          6             0       -2.509666    0.446008    0.331033 
   5          6             0       -2.994160   -0.839694    0.329356 
   6          6             0       -2.170904   -1.904539   -0.105432 
   7          8             0        0.855381   -0.126066   -0.890823 
   8          6             0        1.926225   -0.286701    0.137104 
   9          6             0        1.413802   -0.032945    1.542300 
  10         16             0       -0.591443    2.347426   -0.170963 
  11          6             0        2.484690   -1.694692   -0.001935 
  12          6             0        2.935618    0.759053   -0.296028 
  13          1             0       -3.136785    1.272599    0.632863 
  14          1             0       -4.009897   -1.031118    0.649001 
  15          1             0       -2.525263   -2.922524   -0.163511 
  16          1             0       -0.181404   -2.327748   -0.877309 
  17          1             0        3.377726   -1.797586    0.614842 
  18          1             0        1.764926   -2.442115    0.329421 
  19          1             0        2.753996   -1.891384   -1.038615 
  20          1             0        3.824571    0.694668    0.331319 
  21          1             0        3.229178    0.589299   -1.331104 
  22          1             0        2.499030    1.750973   -0.212155 
  23          1             0        2.256068   -0.120188    2.228453 
  24          1             0        0.991897    0.964719    1.629599 
  25          1             0        0.667384   -0.770012    1.837865 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.210491 (Hartree/Particle) 
Thermal correction to Energy=               0.222595 
Thermal correction to Enthalpy=             0.223539 
Thermal correction to Gibbs Free Energy=    0.172453 
Sum of electronic and zero-point Energies=           -876.752491 
Sum of electronic and thermal Energies=              -876.740387 
Sum of electronic and thermal Enthalpies=            -876.739442 
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 N1,O8,C9  
/ deg 
E 
/ a.u. a 
Erel 








/ a.u. b 
En2(O) 
/ a.u. b 
En1(N) 
/ a.u. b 
0 132.47 –878.9019267 62.2 1.4241 1.3959 1.6885 –0.60507 –0.32213 –0.28894 
15 131.6 –878.9029294 59.6 1.4212 1.3963 1.6881 –0.60533 –0.32330 –0.28919 
30 129.2 –878.9059314 51.7 1.4132 1.3971 1.6869 –0.60540 –0.32711 –0.28981 
45 125.9 –878.9107133 39.2 1.4022 1.3980 1.6848 –0.60388 –0.33400 –0.29044 
60 122.6 –878.9164603 24.1 1.3913 1.3987 1.6823 –0.60176 –0.34220 –0.29069 
75 119.9 –878.9217159 10.3 1.3829 1.3992 1.6801 –0.60721 –0.34240 –0.29041 
90 118.0 –878.9249872 1.7 1.3790 1.3998 1.6787 –0.63342 –0.32054 –0.28969 
105 117.0 –878.9254663 0.4 1.3820 1.4015 1.6773 –0.61955 –0.33807 –0.28867 
120 117.3 –878.9227425 7.6 1.3870 1.4034 1.6762 –0.60664 –0.35051 –0.28742 
135 119.1 –878.9179230 20.2 1.3875 1.4037 1.6762 –0.60054 –0.34905 –0.29819 
150 121.2 –878.9135870 31.6 1.3893 1.4049 1.6767 –0.60536 –0.33901 –0.28699 
165 123.2 –878.9104378 39.9 1.3911 1.4058 1.6777 –0.60996 –0.32934 –0.28745 
180 124.2 –878.9092635 43.0 1.3917 1.4061 1.6783 –0.61168 –0.32522 –0.28773 
99.9 117.2 –878.9256335 0.0 1.3800 1.4008 1.6779 –0.62704 –0.32930 –0.28906 
a 1 a.u. = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; nN(X) = non-bonding electron pair number N at 
heteroatom X. 
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Table C8. Calculated parameters and energies associated with angle variation at thiohydroxmate oxygen in PTOtBu (4b) 
 





/ a.u. a 
Erel 








/ a.u. b 
En2(O) 
/ a.u. b 
En1(N) 
/ a.u. b 
90 108.3 –878.8854896 105.4 1.4433 1.4079 1.6730 –0.76688 –0.32179 –0.31768 
100 105.9 –878.9106856 39.2 1.4158 1.4045 1.6750 –0.71463 –0.32636 –0.30574 
110 102.9 –878.9232101 6.4 1.3921 1.4018 1.6773 –0.66352 –0.32891 –0.28911 
120 98.9 –878.9252977 0.9 1.3765 1.4007 1.6780 –0.61256 –0.32982 –0.28900 
130 94.8 –878.9040269 16.4 1.3665 1.4003 1.6785 –0.54621 –0.34623 –0.28856 
117.2 99.9 –878.9256335 0.0 1.3800 1.4008 1.6779 –0.62704 –0.32930 –0.28906 
132.5 0.0 –878.9019267 62.2 1.4241 1.3959 1.6885 –0.60507 –0.32213 –0.28894 
124.2 180.0 –878.9092635 43.0 1.3917 1.4061 1.6783 –0.61168 –0.32522 –0.28773 
a 1 a.u. = 1 Hartree. 1 Hartee/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; nN(X) = non-bonding electron pair number N at 
heteroatom X. 
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/ kJ mol–1 
E2N1,O8) b 
/ kJ mol–1 
E3N1,O8) c 
/ kJ mol–1 
E4N1,C2) d 
/ kJ mol–1 
E5N1,C6) e 









90 36.7 32.8 – g 134.7 188.6 87.29 81.39 31.47 99.34 
100 41.5 37.5 – g 148.8 208.4 84.89 76.98 38.34 99.27 
110 52.8 44.9 11.5 165.9 237.9 82.08 74.14 44.41 98.86 
120 58.6 48.2 19.0 166.0 240.7 79.49 71.24 50.45 98.36 
130 65.1 48.1 24.1 165.5 242.0 76.92 68.31 59.31 95.03 
117.2 55.0 47.5 17.2 166.1 240.3 80.19 72.07 48.71 98.55 
132.5 63.1 31.8 – g 155.9 266.5 81.35 66.04 52.28 99.95 
124.2 56.6 26.7 – g 176.7 227.8 80.23 68.49 50.91 99.92 
a [(C5,C6)→*(N1,O8)] + [(C2,C3)→*(N1,O8)] + [(C9,C10–12)→*(N1,O8)]. b [n1/2(O)→*(N1,C2)] + [n1/2(O)→*(N1,C6)]. c 
n1(N)→*(O8,C9). d n1(N)→*(N1,C2). e n1(N)→*(N1,C6). f nN(X) = non-bonding electron pair number N at heteroatom X. g Below default 
threshhold of 2.1 kJ mol–1. 
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Figure C39. Computed minimum structure of 1-(methoxy)pyridinethione 4d. 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -1.122884   -1.376638   -0.222781 
   2          7             0        0.008573   -0.612111   -0.213724 
   3          6             0        0.053218    0.773840   -0.039048 
   4          6             0       -1.247259    1.339521    0.204033 
   5          6             0       -2.397471    0.593088    0.221157 
   6          6             0       -2.346865   -0.809369   -0.003005 
   7          8             0        1.166503   -1.298115   -0.549439 
   8          6             0        1.958695   -1.611380    0.618647 
   9         16             0        1.471355    1.667369   -0.108865 
  10          1             0       -1.269273    2.411260    0.360502 
  11          1             0       -3.352600    1.077952    0.399685 
  12          1             0       -3.237592   -1.425154   -0.010784 
  13          1             0       -0.955396   -2.427474   -0.421771 
  14          1             0        2.826908   -2.135363    0.216969 
  15          1             0        2.272039   -0.695031    1.122347 
  16          1             0        1.397595   -2.268761    1.292464 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.122753 (Hartree/Particle) 
Thermal correction to Energy=               0.130951 
Thermal correction to Enthalpy=             0.131896 
Thermal correction to Gibbs Free Energy=    0.089446 
Sum of electronic and zero-point Energies=           -760.843853 
Sum of electronic and thermal Energies=              -760.835655 
Sum of electronic and thermal Enthalpies=            -760.834711 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.012091   -0.601048   -0.218378 
   2          6             0        0.057666    0.762571   -0.041754 
   3          6             0       -1.231528    1.335006    0.202766 
   4          6             0       -2.371652    0.597517    0.221212 
   5          6             0       -2.325131   -0.798949   -0.004214 
   6          6             0       -1.113648   -1.358374   -0.226185 
   7         16             0        1.467664    1.649331   -0.104341 
   8          8             0        1.151920   -1.277144   -0.542310 
   9          6             0        1.916212   -1.619581    0.613251 
  10          1             0       -1.248171    2.397933    0.360440 
  11          1             0       -3.318122    1.080046    0.401694 
  12          1             0       -3.210746   -1.407401   -0.011203 
  13          1             0       -0.948009   -2.400705   -0.426806 
  14          1             0        2.785615   -2.131607    0.222177 
  15          1             0        2.218839   -0.725626    1.143960 
  16          1             0        1.346460   -2.286598    1.255862 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.127840 (Hartree/Particle) 
Thermal correction to Energy=               0.135746 
Thermal correction to Enthalpy=             0.136691 
Thermal correction to Gibbs Free Energy=    0.094814 
Sum of electronic and zero-point Energies=           -760.597565 
Sum of electronic and thermal Energies=              -760.589660 
Sum of electronic and thermal Enthalpies=            -760.588715 
Sum of electronic and thermal Free Energies=         -760.630591 
 
Version=AM64L-G03RevE.01\State=1-A\HF=-760.7254059\RMSD=1.848e-09\ 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0       -0.006341   -0.608908   -0.211580 
   2          6             0        0.080724    0.772203   -0.040311 
   3          6             0       -1.205082    1.352262    0.230482 
   4          6             0       -2.377336    0.636248    0.232046 
   5          6             0       -2.359983   -0.756624   -0.017364 
   6          6             0       -1.149209   -1.353077   -0.249040 
   7         16             0        1.509948    1.613647   -0.127579 
   8          8             0        1.142868   -1.313685   -0.548837 
   9          6             0        1.890260   -1.613542    0.652528 
  10          1             0       -1.207599    2.419110    0.401843 
  11          1             0       -3.313756    1.142408    0.425050 
  12          1             0       -3.260985   -1.350066   -0.044352 
  13          1             0       -0.998545   -2.399528   -0.465708 
  14          1             0        2.785170   -2.108266    0.289975 
  15          1             0        2.148952   -0.692591    1.166076 
  16          1             0        1.312796   -2.282400    1.290087 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.124436 (Hartree/Particle) 
Thermal correction to Energy=               0.132726 
Thermal correction to Enthalpy=             0.133670 
Thermal correction to Gibbs Free Energy=    0.091086 
Sum of electronic and zero-point Energies=           -759.252615 
Sum of electronic and thermal Energies=              -759.244325 
Sum of electronic and thermal Enthalpies=            -759.243380 
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 N1,O8,C9  
/ deg 
E 
/ a.u. a 
Erel 








/ a.u. b 
En2(O) 
/ a.u. b 
En1(N) 
/ a.u. b 
0 123.3 –760.9500436 43.5 1.4129 1.3940 1.6894 –0.63392 –0.33516 –0.29505 
15 121.6 –760.9516878 39.2 1.4096 1.3946 1.6889 –0.63600 –0.33627 –0.29517 
30 119.1 –760.9553543 29.5 1.4030 1.3950 1.6872 –0.63608 –0.34000 –0.29580 
45 116.7 –760.9596174 18.3 1.3964 1.3954 1.6848 –0.63405 –0.34638 –0.29637 
60 114.4 –760.9635276 8.1 1.3920 1.3963 1.6825 –0.63426 –0.35239 –0.29665 
75 112.4 –760.9661483 1.2 1.3883 1.3972 1.6794 –0.63874 –0.35302 –0.29631 
90 111.4 –760.9666061 0.5 1.3868 1.3979 1.6766 –0.65254 –0.34182 –0.29546 
105 111.4 –760.9645194 5.5 1.3879 1.3986 1.6746 –0.65860 –0.33498 –0.30077 
120 112.2 –760.9614952 13.4 1.3905 1.3998 1.6734 –0.64533 –0.34580 –0.30275 
135 113.6 –760.9582394 22.0 1.3921 1.4010 1.6733 –0.63708 –0.34940 –0.30240 
150 115.11 –760.9558568 28.2 1.3923 1.4012 1.6741 –0.63740 –0.34605 –0.29947 
165 116.3 –760.9544952 31.8 1.3935 1.4032 1.6749 –0.64148 –0.34185 –0.29558 
180 116.7 –760.9540381 33.0 1.3940 1.4038 1.6753 –0.64322 –0.34023 –0.29583 
83.9 111.7 –760.9666061 0.0 1.3871 1.3976 1.6776 –0.64575 –0.34790 –0.29584 
a 1 a.u. = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; nN(X) = non-bonding electron pair number N at 
heteroatom X. 
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Table C11. Calculated parameters and energies associated with angle variation at thiohydroxmate oxygen in PTOCH3 (4d) 
 





/ a.u. a 
Erel 








/ a.u. b 
En2(O) 
/ a.u. b 
En1(N) 
/ a.u. b 
90 92.0 –760.9428847 62.3 1.4402 1.3975 1.6757 –0.75676 –0.33605 –0.30818 
100 88.3 –760.9604724 16.1 1.4090 1.3974 1.6768 –0.70582 –0.33977 –0.29738 
110 84.6 –760.9664944 0.3 1.3895 1.3976 1.6775 –0.65474 –0.34612 –0.29603 
120 79.9 –760.9640764 6.6 1.3776 1.3972 1.6783 –0.59526 –0.36202 –0.29496 
130 73.1 –760.9555394 29.1 1.3696 1.3962 1.6792 –0.52645 –0.38448 –0.29496 
111.7 83.9 –760.9666061 0.0 1.3871 1.3976 1.6776 –0.64574 –0.34790 –0.29584 
123.3 0.0 –760.9500436 43.5 1.4129 1.3940 1.6894 –0.63392 –0.33516 –0.29505 
116.7 180.0 –760.9540381 33.0 1.3940 1.4038 1.6753 –0.64322 –0.34023 –0.29583 
a 1 a.u. = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; nN(X) = non-bonding electron pair number N at 
heteroatom X. 
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/ kJ mol–1 
E2N1,O8) b 
/ kJ mol–1 
E3N1,O8) c 
/ kJ mol–1 
E4N1,C2) d 
/ kJ mol–1 
E5N1,C6) e 









90 42.6 34.9 – g 152.8 224.7 86.74 79.10 34.10 99.99 
100 47.0 41.3 4.1 164.6 238.9 83.79 76.05 40.57 99.99 
110 58.2 42.0 10.0 165.9 240.8 81.27 73.45 47.01 97.73 
120 66.9 43.5 15.3 165.7 242.3 78.92 71.05 55.09 94.50 
130 74.5 42.7 18.3 164.8 243.8 76.35 68.80 65.29 89.71 
118.3 53.8 42.4 11.0 165.9 241.0 80.88 73.05 48.18 97.36 
129.0 66.9 27.9 – g 159.0 260.0 81.08 68.69 49.64 99.40 
130.2 60.8 23.5 – g 174.6 223.8 80.56 79.42 48.21 99.89 
a [(C5,C6)→*(N1,O8)] + [C2,C3→*(N1,O8)] + [(C9,C10–12)→*(N1,O8)]. b [n1/2(O)→*(N1,C2)] + [n1/2(O)→*(N1,C6)]. c 
n1(N)→*(O8,C9). d n1(N)→*(N1,C2). e n1(N)→*(N1,C6). f nN(X) = non-bonding electron pair number N at heteroatom X. g Below default 
threshhold of 2.1 kJ mol–1. 
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C7.7 Isomers of O-Alkyl Thiohydroxamates 
 
C7.7.1 2-(2-Methylpropyl-2-sulfanyl)-4-methylthiazole 3-oxide (7b) 
 
Figure C40. Computed minimum structure of (tert-butylsulfanyl)thiazole 3-oxide 7b. 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.491009    0.458365    0.117647 
   2          7             0        1.143996    0.633738   -0.275129 
   3          6             0        0.440973   -0.519384   -0.347627 
   4         16             0        1.428212   -1.885572    0.091907 
   5          6             0        2.794774   -0.847227    0.336561 
   6          8             0        0.668511    1.804489   -0.516691 
   7         16             0       -1.178294   -0.699249   -0.961073 
   8          6             0       -2.333914    0.217313    0.252880 
   9          6             0       -2.613051    1.621584   -0.298772 
  10          6             0        3.350923    1.670345    0.218925 
  11          6             0       -3.613173   -0.634087    0.254765 
  12          6             0       -1.713015    0.277972    1.649559 
  13          1             0        3.754799   -1.249356    0.627211 
  14          1             0        3.386304    2.195129   -0.741012 
  15          1             0        2.937166    2.374090    0.948344 
  16          1             0        4.363529    1.391023    0.518483 
  17          1             0       -4.380037   -0.129035    0.854698 
  18          1             0       -4.016178   -0.760080   -0.756188 
  19          1             0       -3.437094   -1.626106    0.680984 
  20          1             0       -2.439668    0.726737    2.338206 
  21          1             0       -1.461182   -0.718155    2.026452 
  22          1             0       -0.815871    0.902367    1.660134 
  23          1             0       -3.309602    2.141771    0.372131 
  24          1             0       -1.689403    2.197417   -0.377059 
  25          1             0       -3.074670    1.569977   -1.289936 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.200010 (Hartree/Particle) 
Thermal correction to Energy=               0.213818 
Thermal correction to Enthalpy=             0.214762 
Thermal correction to Gibbs Free Energy=    0.159453 
Sum of electronic and zero-point Energies=          -1238.805177 
Sum of electronic and thermal Energies=             -1238.791369 
Sum of electronic and thermal Enthalpies=           -1238.790425 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.785807   -0.807087    0.328353 
   2          6             0        2.448662    0.476964    0.107685 
   3          7             0        1.108729    0.611134   -0.272875 
   4          6             0        0.445812   -0.536154   -0.332147 
   5         16             0        1.451720   -1.866906    0.098789 
   6          6             0        3.271533    1.706790    0.196311 
   7          8             0        0.608150    1.762000   -0.513591 
   8         16             0       -1.173727   -0.755659   -0.914833 
   9          6             0       -2.294749    0.215186    0.238333 
  10          6             0       -1.652536    0.389249    1.605582 
  11          6             0       -2.611821    1.564129   -0.397359 
  12          6             0       -3.555385   -0.640878    0.337129 
  13          1             0        3.751131   -1.177677    0.613208 
  14          1             0        3.285147    2.220308   -0.760273 
  15          1             0        2.844471    2.395247    0.919425 
  16          1             0        4.285090    1.456785    0.488963 
  17          1             0       -4.306646   -0.103275    0.912452 
  18          1             0       -3.977678   -0.846064   -0.643787 
  19          1             0       -3.356724   -1.588637    0.828326 
  20          1             0       -2.374402    0.861057    2.270044 
  21          1             0       -1.369232   -0.564606    2.041918 
  22          1             0       -0.781983    1.034100    1.550164 
  23          1             0       -3.295640    2.112190    0.250159 
  24          1             0       -1.707337    2.143168   -0.535965 
  25          1             0       -3.094337    1.435317   -1.362397 
--------------------------------------------------------------------- 
Zero-point correction=                      0.207753 (Hartree/Particle) 
Thermal correction to Energy=               0.220996 
Thermal correction to Enthalpy=             0.221940 
Thermal correction to Gibbs Free Energy=    0.168222 
Sum of electronic and zero-point Energies=          -1238.475182 
Sum of electronic and thermal Energies=             -1238.461939 
Sum of electronic and thermal Enthalpies=           -1238.460995 
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(iii)  MP2/6-31+G**  
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.698025   -0.884092    0.365152 
   2          6             0        2.436908    0.436800    0.134333 
   3          7             0        1.123015    0.636179   -0.313504 
   4          6             0        0.395233   -0.527519   -0.402924 
   5         16             0        1.340017   -1.885358    0.071472 
   6          6             0        3.312221    1.628536    0.260947 
   7          8             0        0.667327    1.803533   -0.561383 
   8         16             0       -1.202848   -0.624094   -1.034662 
   9          6             0       -2.243692    0.209565    0.268294 
  10          6             0       -1.499283    0.287249    1.592766 
  11          6             0       -2.615428    1.605393   -0.223980 
  12          6             0       -3.491418   -0.659409    0.407793 
  13          1             0        3.635407   -1.298971    0.697412 
  14          1             0        3.388279    2.140658   -0.696688 
  15          1             0        2.887604    2.334104    0.973298 
  16          1             0        4.302459    1.326650    0.593594 
  17          1             0       -4.194110   -0.172553    1.086490 
  18          1             0       -3.991502   -0.791733   -0.552299 
  19          1             0       -3.244003   -1.642861    0.805207 
  20          1             0       -2.176721    0.699722    2.343203 
  21          1             0       -1.176841   -0.697064    1.932535 
  22          1             0       -0.636050    0.947678    1.522681 
  23          1             0       -3.255444    2.088376    0.518050 
  24          1             0       -1.722465    2.205778   -0.378392 
  25          1             0       -3.166429    1.550787   -1.162741 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.204888 (Hartree/Particle) 
Thermal correction to Energy=               0.218458 
Thermal correction to Enthalpy=             0.219402 
Thermal correction to Gibbs Free Energy=    0.164911 
Sum of electronic and zero-point Energies=          -1236.418744 
Sum of electronic and thermal Energies=             -1236.405174 
Sum of electronic and thermal Enthalpies=           -1236.404230 
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Figure C41. Computed minimum structure of O-(tert-butyl) sulfenate 12b. 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        3.096219   -0.120819    0.234674 
   2          7             0        2.042023   -1.006474    0.072458 
   3          6             0        0.957780   -0.389077   -0.292918 
   4         16             0        1.113054    1.353978   -0.484609 
   5          6             0        2.781363    1.187714   -0.006813 
   6         16             0       -0.509987   -1.285710   -0.698219 
   7          8             0       -1.623289   -0.025291   -0.791117 
   8          6             0       -2.623473    0.123238    0.294481 
   9          6             0       -1.941636    0.347775    1.645170 
  10          6             0        4.431451   -0.652192    0.663349 
  11          6             0       -3.393286    1.366936   -0.155627 
  12          6             0       -3.528385   -1.111849    0.315593 
  13          1             0        3.417330    2.057053    0.087255 
  14          1             0        4.349327   -1.171593    1.624318 
  15          1             0        4.809373   -1.375701   -0.067273 
  16          1             0        5.162733    0.153907    0.764162 
  17          1             0       -4.198229    1.585015    0.553754 
  18          1             0       -2.728941    2.234370   -0.205467 
  19          1             0       -3.833055    1.209478   -1.144622 
  20          1             0       -4.332525   -0.978729    1.046872 
  21          1             0       -3.979300   -1.274053   -0.668173 
  22          1             0       -2.967182   -2.008642    0.597091 
  23          1             0       -2.701341    0.495188    2.419894 
  24          1             0       -1.333897   -0.514938    1.933443 
  25          1             0       -1.301401    1.233649    1.618282 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.199374 (Hartree/Particle) 
Thermal correction to Energy=               0.213412 
Thermal correction to Enthalpy=             0.214357 
Thermal correction to Gibbs Free Energy=    0.157847 
Sum of electronic and zero-point Energies=          -1238.844909 
Sum of electronic and thermal Energies=             -1238.830870 
Sum of electronic and thermal Enthalpies=           -1238.829926 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        3.074498   -0.103301    0.218072 
   2          7             0        2.035460   -0.995924    0.068516 
   3          6             0        0.951525   -0.396379   -0.276723 
   4         16             0        1.079155    1.325565   -0.464580 
   5          6             0        2.744319    1.187616   -0.016710 
   6         16             0       -0.505497   -1.300354   -0.640525 
   7          8             0       -1.586685   -0.053185   -0.769054 
   8          6             0       -2.592545    0.129257    0.271850 
   9          6             0       -1.943757    0.369992    1.624869 
  10          6             0        4.412631   -0.620031    0.624226 
  11          6             0       -3.337927    1.363740   -0.206051 
  12          6             0       -3.508096   -1.084894    0.300290 
  13          1             0        3.370396    2.055529    0.060030 
  14          1             0        4.346871   -1.135775    1.578709 
  15          1             0        4.780798   -1.334102   -0.107876 
  16          1             0        5.132226    0.186841    0.713915 
  17          1             0       -4.144897    1.601955    0.481709 
  18          1             0       -2.666896    2.215487   -0.261194 
  19          1             0       -3.760013    1.194121   -1.191801 
  20          1             0       -4.320879   -0.924307    1.003524 
  21          1             0       -3.934216   -1.261370   -0.683198 
  22          1             0       -2.970571   -1.976110    0.612600 
  23          1             0       -2.714628    0.541801    2.371360 
  24          1             0       -1.358403   -0.487489    1.942758 
  25          1             0       -1.296954    1.241004    1.594998 
--------------------------------------------------------------------- 
Zero-point correction=                      0.207041 (Hartree/Particle) 
Thermal correction to Energy=               0.220585 
Thermal correction to Enthalpy=             0.221529 
Thermal correction to Gibbs Free Energy=    0.166145 
Sum of electronic and zero-point Energies=          -1238.521748 
Sum of electronic and thermal Energies=             -1238.508205 
Sum of electronic and thermal Enthalpies=           -1238.507260 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.726784    0.582366   -0.085537 
   2          7             0        1.623618    0.725304    0.714939 
   3          6             0        0.831869   -0.333453    0.620331 
   4         16             0        1.399495   -1.565680   -0.455817 
   5          6             0        2.754325   -0.590613   -0.818391 
   6         16             0       -0.665388   -0.508861    1.510363 
   7          8             0       -1.731283   -0.802205    0.229201 
   8          6             0       -2.381364    0.364152   -0.392406 
   9          6             0       -1.348615    1.313207   -0.978517 
  10          6             0        3.755431    1.666680   -0.118078 
  11          6             0       -3.205641   -0.294325   -1.484472 
  12          6             0       -3.267464    1.058270    0.627698 
  13          1             0        3.494369   -0.896211   -1.540885 
  14          1             0        3.301100    2.612210   -0.408935 
  15          1             0        4.197783    1.797078    0.868246 
  16          1             0        4.546698    1.426191   -0.825236 
  17          1             0       -3.769233    0.461751   -2.030947 
  18          1             0       -2.553614   -0.819708   -2.180316 
  19          1             0       -3.903138   -1.008200   -1.049987 
  20          1             0       -3.824871    1.863082    0.148130 
  21          1             0       -3.975247    0.347579    1.052240 
  22          1             0       -2.672385    1.490445    1.430512 
  23          1             0       -1.859304    2.102923   -1.530631 
  24          1             0       -0.744282    1.777444   -0.201677 
  25          1             0       -0.690606    0.780874   -1.665208 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.204353 (Hartree/Particle) 
Thermal correction to Energy=               0.218130 
Thermal correction to Enthalpy=             0.219074 
Thermal correction to Gibbs Free Energy=    0.162748 
Sum of electronic and zero-point Energies=          -1236.456977 
Sum of electronic and thermal Energies=             -1236.443200 
Sum of electronic and thermal Enthalpies=           -1236.442256 
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Figure C42. Computed minimum structure of 2-(methylsulfanyl)thiazole 3-oxide 7d. 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.778581   -0.289818    0.047575 
   2          7             0        0.431598   -0.668948   -0.160467 
   3          6             0       -0.430828    0.370568   -0.160432 
   4         16             0        0.389440    1.879929    0.111253 
   5          6             0        1.914304    1.053646    0.189309 
   6          8             0        0.096450   -1.900894   -0.326733 
   7         16             0       -2.140302    0.232896   -0.476061 
   8          6             0       -2.654724   -0.947591    0.836451 
   9          6             0        2.810168   -1.363937    0.060533 
  10          1             0        2.834138    1.602289    0.332186 
  11          1             0        2.598355   -2.088018    0.853841 
  12          1             0        2.797440   -1.917252   -0.883813 
  13          1             0        3.801898   -0.933970    0.217329 
  14          1             0       -3.703277   -1.175417    0.631595 
  15          1             0       -2.049750   -1.851945    0.760004 
  16          1             0       -2.562809   -0.488309    1.822300 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.115771 (Hartree/Particle) 
Thermal correction to Energy=               0.125556 
Thermal correction to Enthalpy=             0.126500 
Thermal correction to Gibbs Free Energy=    0.080412 
Sum of electronic and zero-point Energies=          -1120.936432 
Sum of electronic and thermal Energies=             -1120.926647 
Sum of electronic and thermal Enthalpies=           -1120.925703 





392 ANHANG C 
 
(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.756810   -0.291205    0.045344 
   2          7             0        0.419938   -0.652943   -0.159029 
   3          6             0       -0.420650    0.372301   -0.156106 
   4         16             0        0.395476    1.864170    0.110142 
   5          6             0        1.903554    1.038611    0.187724 
   6          8             0        0.083565   -1.874767   -0.327053 
   7         16             0       -2.125664    0.244206   -0.459663 
   8          6             0       -2.616938   -0.955332    0.814690 
   9          6             0        2.773202   -1.369972    0.055504 
  10          1             0        2.822402    1.572332    0.332654 
  11          1             0        2.554599   -2.085925    0.842191 
  12          1             0        2.752723   -1.914742   -0.883500 
  13          1             0        3.760791   -0.950801    0.211342 
  14          1             0       -3.660757   -1.177054    0.622857 
  15          1             0       -2.017578   -1.850431    0.710114 
  16          1             0       -2.513133   -0.525073    1.803376 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.120480 (Hartree/Particle) 
Thermal correction to Energy=               0.129911 
Thermal correction to Enthalpy=             0.130855 
Thermal correction to Gibbs Free Energy=    0.085516 
Sum of electronic and zero-point Energies=          -1120.688968 
Sum of electronic and thermal Energies=             -1120.679537 
Sum of electronic and thermal Enthalpies=           -1120.678592 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.765820   -0.262534    0.053573 
   2          7             0        0.443386   -0.672746   -0.177061 
   3          6             0       -0.451738    0.368592   -0.187533 
   4         16             0        0.332689    1.871214    0.097720 
   5          6             0        1.856552    1.092039    0.195364 
   6          8             0        0.133782   -1.902376   -0.339781 
   7         16             0       -2.134945    0.151359   -0.504530 
   8          6             0       -2.551717   -0.896772    0.915492 
   9          6             0        2.818402   -1.308161    0.076491 
  10          1             0        2.759320    1.657244    0.357678 
  11          1             0        2.610840   -2.032858    0.861952 
  12          1             0        2.830436   -1.848488   -0.868408 
  13          1             0        3.790065   -0.851887    0.249164 
  14          1             0       -3.595674   -1.179543    0.800254 
  15          1             0       -1.929222   -1.787143    0.900007 
  16          1             0       -2.427538   -0.349243    1.845661 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.118333 (Hartree/Particle) 
Thermal correction to Energy=               0.128102 
Thermal correction to Enthalpy=             0.129046 
Thermal correction to Gibbs Free Energy=    0.082993 
Sum of electronic and zero-point Energies=          -1118.924986 
Sum of electronic and thermal Energies=             -1118.915218 
Sum of electronic and thermal Enthalpies=           -1118.914274 
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Figure C43. Computed minimum structure of O-methyl sulfenate 12d. 
 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
 --------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.223754   -0.175929    0.145839 
   2          7             0        1.121601   -1.014238    0.078332 
   3          6             0        0.034877   -0.346126   -0.169065 
   4         16             0        0.243462    1.393589   -0.346407 
   5          6             0        1.941387    1.149352   -0.039062 
   6         16             0       -1.514841   -1.162341   -0.416772 
   7          8             0       -2.567937    0.146186   -0.291639 
   8          6             0       -3.062376    0.404527    1.038586 
   9          6             0        3.571882   -0.769517    0.426476 
  10          1             0        2.619323    1.990363    0.007073 
  11          1             0        4.342396    0.004508    0.468594 
  12          1             0        3.564753   -1.308096    1.380252 
  13          1             0        3.844061   -1.489504   -0.352979 
  14          1             0       -3.736204    1.257685    0.931904 
  15          1             0       -3.612876   -0.459277    1.424213 
  16          1             0       -2.244240    0.660705    1.719955 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.115734 (Hartree/Particle) 
Thermal correction to Energy=               0.125834 
Thermal correction to Enthalpy=             0.126778 
Thermal correction to Gibbs Free Energy=    0.078999 
Sum of electronic and zero-point Energies=          -1120.964752 
Sum of electronic and thermal Energies=             -1120.954652 
Sum of electronic and thermal Enthalpies=           -1120.953708 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.211971   -0.155839    0.133006 
   2          7             0        1.126576   -1.003315    0.077092 
   3          6             0        0.040754   -0.354256   -0.148599 
   4         16             0        0.218925    1.365298   -0.320419 
   5          6             0        1.913101    1.151776   -0.044550 
   6         16             0       -1.494278   -1.180925   -0.348922 
   7          8             0       -2.516115    0.120339   -0.325287 
   8          6             0       -3.063554    0.449380    0.947459 
   9          6             0        3.562177   -0.733330    0.389163 
  10          1             0        2.579133    1.992519   -0.019955 
  11          1             0        4.319455    0.042778    0.420022 
  12          1             0        3.572761   -1.268450    1.335077 
  13          1             0        3.824170   -1.443545   -0.390779 
  14          1             0       -3.707333    1.304052    0.776622 
  15          1             0       -3.646562   -0.378043    1.340710 
  16          1             0       -2.279779    0.714838    1.651545 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.120562 (Hartree/Particle) 
Thermal correction to Energy=               0.130320 
Thermal correction to Enthalpy=             0.131265 
Thermal correction to Gibbs Free Energy=    0.084375 
Sum of electronic and zero-point Energies=          -1120.723499 
Sum of electronic and thermal Energies=             -1120.713741 
Sum of electronic and thermal Enthalpies=           -1120.712797 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        1.910489    0.590956    0.066667 
   2          7             0        0.642145    0.767577    0.539942 
   3          6             0       -0.083380   -0.338849    0.385673 
   4         16             0        0.771441   -1.646145   -0.358985 
   5          6             0        2.160857   -0.670034   -0.455085 
   6         16             0       -1.774517   -0.480293    0.797300 
   7          8             0       -2.469639    0.111827   -0.628944 
   8          6             0       -2.494383    1.552283   -0.694806 
   9          6             0        2.894580    1.713257    0.155457 
  10          1             0        3.089222   -1.036469   -0.863752 
  11          1             0        3.858983    1.413787   -0.249489 
  12          1             0        2.535294    2.576805   -0.401603 
  13          1             0        3.029022    2.015459    1.192448 
  14          1             0       -2.976356    1.780081   -1.641283 
  15          1             0       -3.070833    1.964156    0.132475 
  16          1             0       -1.483004    1.955854   -0.677316 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.118386 (Hartree/Particle) 
Thermal correction to Energy=               0.128385 
Thermal correction to Enthalpy=             0.129329 
Thermal correction to Gibbs Free Energy=    0.081509 
Sum of electronic and zero-point Energies=          -1118.955559 
Sum of electronic and thermal Energies=             -1118.945561 
Sum of electronic and thermal Enthalpies=           -1118.944617 
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C7.7.5 2-(2-Methylpropyl-2-sulfanyl)-pyridine 1-oxide (9b) 
 
 
Figure C44. Computed structure of 2-(tert-butylsulfanyl)pyridine 1-oxide 9b. 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.549521    1.132981    0.125215 
   2          7             0        1.239921    0.893494   -0.208986 
   3          6             0        0.790884   -0.415496   -0.307049 
   4          6             0        1.687413   -1.460340   -0.055583 
   5          6             0        3.019308   -1.221011    0.268970 
   6          6             0        3.445329    0.107619    0.358274 
   7          8             0        0.453099    1.887587   -0.411469 
   8         16             0       -0.821870   -0.772014   -0.929477 
   9          6             0       -2.119271   -0.013694    0.241779 
  10          6             0       -2.659386    1.286011   -0.368610 
  11          6             0       -3.224633   -1.082583    0.291606 
  12          6             0       -1.532163    0.219818    1.636188 
  13          1             0        1.302700   -2.471331   -0.125403 
  14          1             0        3.700191   -2.043659    0.457150 
  15          1             0        4.468640    0.360735    0.614335 
  16          1             0        2.790599    2.186295    0.177256 
  17          1             0       -4.069798   -0.697644    0.875393 
  18          1             0       -3.597909   -1.325447   -0.709298 
  19          1             0       -2.871513   -2.006186    0.759439 
  20          1             0       -2.336357    0.550745    2.305316 
  21          1             0       -1.104284   -0.696715    2.054446 
  22          1             0       -0.769539    1.001830    1.618606 
  23          1             0       -3.443658    1.692755    0.283409 
  24          1             0       -1.863606    2.023243   -0.476071 
  25          1             0       -3.101805    1.102613   -1.353030 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.205836 (Hartree/Particle) 
Thermal correction to Energy=               0.218131 
Thermal correction to Enthalpy=             0.219075 
Thermal correction to Gibbs Free Energy=    0.167753 
Sum of electronic and zero-point Energies=           -878.721280 
Sum of electronic and thermal Energies=              -878.708985 
Sum of electronic and thermal Enthalpies=            -878.708041 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.509445    1.126652    0.124374 
   2          7             0        1.221108    0.878021   -0.212792 
   3          6             0        0.784000   -0.410284   -0.311110 
   4          6             0        1.674198   -1.448055   -0.060654 
   5          6             0        2.992485   -1.204091    0.268503 
   6          6             0        3.407460    0.116813    0.360772 
   7          8             0        0.436603    1.860664   -0.418266 
   8         16             0       -0.821364   -0.772266   -0.921745 
   9          6             0       -2.085190   -0.015586    0.237923 
  10          6             0       -2.630068    1.273491   -0.366609 
  11          6             0       -3.189498   -1.069788    0.310353 
  12          6             0       -1.493494    0.226711    1.618345 
  13          1             0        1.296365   -2.452251   -0.134242 
  14          1             0        3.672230   -2.016912    0.456547 
  15          1             0        4.419714    0.374654    0.620076 
  16          1             0        2.740735    2.173549    0.177604 
  17          1             0       -4.020035   -0.676675    0.893767 
  18          1             0       -3.569871   -1.319198   -0.677386 
  19          1             0       -2.838388   -1.983382    0.780480 
  20          1             0       -2.288172    0.559210    2.284246 
  21          1             0       -1.066374   -0.680777    2.036442 
  22          1             0       -0.737504    1.003472    1.589067 
  23          1             0       -3.401022    1.677740    0.288747 
  24          1             0       -1.841724    2.004623   -0.485686 
  25          1             0       -3.080736    1.085566   -1.337450 
--------------------------------------------------------------------- 
Zero-point correction=                      0.213621 (Hartree/Particle) 
Thermal correction to Energy=               0.225423 
Thermal correction to Enthalpy=             0.226367 
Thermal correction to Gibbs Free Energy=    0.176111 
Sum of electronic and zero-point Energies=           -878.387922 
Sum of electronic and thermal Energies=              -878.376121 
Sum of electronic and thermal Enthalpies=            -878.375177 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.513102    1.111460    0.175272 
   2          7             0        1.206146    0.911598   -0.226896 
   3          6             0        0.733069   -0.395213   -0.372287 
   4          6             0        1.602242   -1.459424   -0.123458 
   5          6             0        2.923132   -1.261983    0.265538 
   6          6             0        3.369201    0.055374    0.409904 
   7          8             0        0.448757    1.914816   -0.425915 
   8         16             0       -0.858719   -0.649967   -1.043217 
   9          6             0       -2.037363   -0.039814    0.262980 
  10          6             0       -2.643059    1.290207   -0.174615 
  11          6             0       -3.124444   -1.111614    0.340175 
  12          6             0       -1.343352    0.093987    1.611018 
  13          1             0        1.199287   -2.455679   -0.240854 
  14          1             0        3.577719   -2.100445    0.453944 
  15          1             0        4.382289    0.277642    0.715480 
  16          1             0        2.771844    2.155006    0.264692 
  17          1             0       -3.906242   -0.780045    1.025987 
  18          1             0       -3.583387   -1.281493   -0.634323 
  19          1             0       -2.720051   -2.057007    0.699051 
  20          1             0       -2.093684    0.355050    2.360011 
  21          1             0       -0.874169   -0.841857    1.914832 
  22          1             0       -0.597429    0.886670    1.595721 
  23          1             0       -3.368821    1.615249    0.574333 
  24          1             0       -1.872023    2.047052   -0.283220 
  25          1             0       -3.164059    1.181737   -1.125752 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.209923 (Hartree/Particle) 
Thermal correction to Energy=               0.222102 
Thermal correction to Enthalpy=             0.223046 
Thermal correction to Gibbs Free Energy=    0.172108 
Sum of electronic and zero-point Energies=           -876.760849 
Sum of electronic and thermal Energies=              -876.748669 
Sum of electronic and thermal Enthalpies=            -876.747725 
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C7.7.6 O-(2-Methylprop-2-yl)pyridine-2-sulfenate (10b) 
 
 
Figure C45. Computed minimum structure of O-(tert-butyl) sulfenate 10b. 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        3.462243   -0.628061    0.418880 
   2          7             0        2.262135   -1.192639    0.230814 
   3          6             0        1.265050   -0.406602   -0.184189 
   4          6             0        1.403809    0.964221   -0.441838 
   5          6             0        2.657446    1.532811   -0.230462 
   6          6             0        3.713395    0.728902    0.210820 
   7         16             0       -0.247621   -1.317442   -0.439499 
   8          8             0       -1.334225   -0.084285   -0.825745 
   9          6             0       -2.375329    0.271674    0.162819 
  10          6             0       -1.747664    0.764959    1.468797 
  11          6             0       -3.127424    1.396558   -0.552922 
  12          6             0       -3.288382   -0.935762    0.398785 
  13          1             0        0.561402    1.540756   -0.803490 
  14          1             0        2.811177    2.592297   -0.416192 
  15          1             0        4.703128    1.138048    0.384197 
  16          1             0        4.252789   -1.295774    0.754074 
  17          1             0       -3.958889    1.746655    0.067457 
  18          1             0       -2.462553    2.242930   -0.749889 
  19          1             0       -3.528507    1.042910   -1.507083 
  20          1             0       -4.121493   -0.658367    1.053217 
  21          1             0       -3.698704   -1.296072   -0.549555 
  22          1             0       -2.744237   -1.755078    0.878824 
  23          1             0       -2.535294    1.049129    2.174511 
  24          1             0       -1.143169   -0.016876    1.937660 
  25          1             0       -1.113717    1.639083    1.294387 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.205241 (Hartree/Particle) 
Thermal correction to Energy=               0.217840 
Thermal correction to Enthalpy=             0.218784 
Thermal correction to Gibbs Free Energy=    0.165954 
Sum of electronic and zero-point Energies=           -878.759656 
Sum of electronic and thermal Energies=              -878.747057 
Sum of electronic and thermal Enthalpies=            -878.746113 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        3.670164    0.727039    0.209465 
   2          6             0        3.422655   -0.618881    0.422331 
   3          7             0        2.235543   -1.180534    0.233333 
   4          6             0        1.245111   -0.410447   -0.185993 
   5          6             0        1.379110    0.949201   -0.447454 
   6          6             0        2.621012    1.518992   -0.236420 
   7         16             0       -0.253115   -1.313119   -0.439763 
   8          8             0       -1.313797   -0.091684   -0.808671 
   9          6             0       -2.337627    0.271227    0.159202 
  10          6             0       -3.258940   -0.916821    0.393619 
  11          6             0       -1.713814    0.753744    1.459305 
  12          6             0       -3.077228    1.397605   -0.543413 
  13          1             0        0.542365    1.516470   -0.811250 
  14          1             0        2.770859    2.569852   -0.425435 
  15          1             0        4.650513    1.136263    0.382855 
  16          1             0        4.207409   -1.276739    0.762116 
  17          1             0       -3.897170    1.751792    0.075704 
  18          1             0       -2.408491    2.230889   -0.738696 
  19          1             0       -3.480419    1.052791   -1.490635 
  20          1             0       -4.084243   -0.629392    1.039712 
  21          1             0       -3.667033   -1.270279   -0.549058 
  22          1             0       -2.730280   -1.735986    0.872617 
  23          1             0       -2.496115    1.049905    2.153157 
  24          1             0       -1.128220   -0.029586    1.930612 
  25          1             0       -1.070416    1.611173    1.286706 
--------------------------------------------------------------------- 
Zero-point correction=                      0.213031 (Hartree/Particle) 
Thermal correction to Energy=               0.225169 
Thermal correction to Enthalpy=             0.226113 
Thermal correction to Gibbs Free Energy=    0.174221 
Sum of electronic and zero-point Energies=           -878.434280 
Sum of electronic and thermal Energies=              -878.422142 
Sum of electronic and thermal Enthalpies=            -878.421198 
Sum of electronic and thermal Free Energies=         -878.473090 
 
Version=AM64L-G03RevE.01\State=1-A\HF=-878.647311\RMSD=6.457e-09\ 
RMSF=2.940e-06\Dipole=0.165655,-0.6659316,-0.987366\ PG=C01  
[X(C9H13N1O1S1)]\NImag=0\\\@ 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        3.578330    0.757803    0.265291 
   2          6             0        3.327443   -0.577803    0.576450 
   3          7             0        2.149735   -1.185405    0.341708 
   4          6             0        1.187852   -0.451553   -0.237964 
   5          6             0        1.344622    0.885876   -0.619616 
   6          6             0        2.563124    1.499560   -0.343686 
   7         16             0       -0.290388   -1.369348   -0.559202 
   8          8             0       -1.357016   -0.102599   -0.881837 
   9          6             0       -2.260891    0.300216    0.211373 
  10          6             0       -3.216081   -0.841339    0.516812 
  11          6             0       -1.479462    0.722592    1.444327 
  12          6             0       -2.990123    1.478778   -0.408044 
  13          1             0        0.536686    1.406128   -1.113187 
  14          1             0        2.724022    2.534704   -0.615924 
  15          1             0        4.539113    1.198672    0.491693 
  16          1             0        4.087714   -1.194166    1.039878 
  17          1             0       -3.725280    1.872328    0.293664 
  18          1             0       -2.284526    2.270389   -0.655796 
  19          1             0       -3.502119    1.168168   -1.317044 
  20          1             0       -3.958459   -0.521117    1.247971 
  21          1             0       -3.730126   -1.149082   -0.392560 
  22          1             0       -2.681482   -1.696002    0.928677 
  23          1             0       -2.175085    1.052763    2.216142 
  24          1             0       -0.898072   -0.105797    1.845922 
  25          1             0       -0.807088    1.546442    1.210878 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.209563 (Hartree/Particle) 
Thermal correction to Energy=               0.222012 
Thermal correction to Enthalpy=             0.222956 
Thermal correction to Gibbs Free Energy=    0.170479 
Sum of electronic and zero-point Energies=           -876.797130 
Sum of electronic and thermal Energies=              -876.784681 
Sum of electronic and thermal Enthalpies=            -876.783737 
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Figure C46. Computed minimum structure of 2-(methylsulfanyl)pyridine-N-oxide 9d. 
 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.098583    0.675616    0.000010 
   2          7             0       -0.761969    0.958928    0.000001 
   3          6             0        0.162198   -0.067576   -0.000014 
   4          6             0       -0.278722   -1.391810   -0.000012 
   5          6             0       -1.641919   -1.684959   -0.000006 
   6          6             0       -2.558228   -0.629410    0.000004 
   7          8             0       -0.336987    2.176552    0.000014 
   8         16             0        1.812441    0.545792   -0.000022 
   9          6             0        2.749158   -1.024635    0.000032 
  10          1             0        0.449458   -2.193032   -0.000017 
  11          1             0       -1.978180   -2.716002   -0.000004 
  12          1             0       -3.628007   -0.806427    0.000010 
  13          1             0       -2.727239    1.556067    0.000021 
  14          1             0        3.799875   -0.726271    0.000051 
  15          1             0        2.555621   -1.617619    0.897663 
  16          1             0        2.555667   -1.617655   -0.897584 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.121649 (Hartree/Particle) 
Thermal correction to Energy=               0.129849 
Thermal correction to Enthalpy=             0.130793 
Thermal correction to Gibbs Free Energy=    0.088472 
Sum of electronic and zero-point Energies=           -760.855507 
Sum of electronic and thermal Energies=              -760.847307 
Sum of electronic and thermal Enthalpies=            -760.846363 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.077413    0.666486    0.000001 
   2          7             0        0.757850    0.946853    0.000000 
   3          6             0       -0.158195   -0.058567   -0.000001 
   4          6             0        0.271753   -1.377208   -0.000002 
   5          6             0        1.622543   -1.673005   -0.000001 
   6          6             0        2.535677   -0.628632    0.000001 
   7          8             0        0.345729    2.157884    0.000001 
   8         16             0       -1.800392    0.542404   -0.000002 
   9          6             0       -2.721902   -1.013617    0.000003 
  10          1             0       -0.454256   -2.168663   -0.000003 
  11          1             0        1.952951   -2.697376   -0.000001 
  12          1             0        3.596764   -0.806205    0.000002 
  13          1             0        2.702512    1.539348    0.000002 
  14          1             0       -3.766643   -0.723743    0.000003 
  15          1             0       -2.529780   -1.602814   -0.890404 
  16          1             0       -2.529779   -1.602807    0.890414 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.126426 (Hartree/Particle) 
Thermal correction to Energy=               0.134311 
Thermal correction to Enthalpy=             0.135255 
Thermal correction to Gibbs Free Energy=    0.093527 
Sum of electronic and zero-point Energies=           -760.603514 
Sum of electronic and thermal Energies=              -760.595630 
Sum of electronic and thermal Enthalpies=            -760.594685 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0        2.095499    0.681026    0.000009 
   2          7             0        0.749873    0.966639    0.000001 
   3          6             0       -0.176724   -0.069360   -0.000006 
   4          6             0        0.273343   -1.387099   -0.000012 
   5          6             0        1.635553   -1.682442   -0.000004 
   6          6             0        2.547146   -0.624326    0.000006 
   7          8             0        0.326237    2.171783   -0.000001 
   8         16             0       -1.812266    0.542196   -0.000008 
   9          6             0       -2.702548   -1.031018    0.000016 
  10          1             0       -0.449149   -2.188900   -0.000022 
  11          1             0        1.971123   -2.709378   -0.000008 
  12          1             0        3.613659   -0.799445    0.000012 
  13          1             0        2.718125    1.561814    0.000015 
  14          1             0       -3.756967   -0.765726    0.000035 
  15          1             0       -2.496593   -1.617470   -0.892385 
  16          1             0       -2.496561   -1.617456    0.892419 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.122691 (Hartree/Particle) 
Thermal correction to Energy=               0.131258 
Thermal correction to Enthalpy=             0.132202 
Thermal correction to Gibbs Free Energy=    0.088869 
Sum of electronic and zero-point Energies=           -759.268005 
Sum of electronic and thermal Energies=              -759.259438 
Sum of electronic and thermal Enthalpies=            -759.258494 
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Figure C47. Computed minimum structure of O-methyl pyridine-2-sulfenate (10d). 
 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.482408   -0.824768    0.317517 
   2          7             0       -1.212967   -1.239717    0.212757 
   3          6             0       -0.288090   -0.329254   -0.099803 
   4          6             0       -0.564837    1.025938   -0.326731 
   5          6             0       -1.889395    1.438330   -0.200019 
   6          6             0       -2.873976    0.501549    0.129408 
   7         16             0        1.344550   -1.039318   -0.242990 
   8          8             0        2.295008    0.336019   -0.474492 
   9          6             0        2.866610    0.878799    0.730362 
  10          1             0        0.227873    1.710397   -0.604624 
  11          1             0       -2.151704    2.479674   -0.364971 
  12          1             0       -3.915275    0.787381    0.233988 
  13          1             0       -3.212517   -1.591232    0.567309 
  14          1             0        3.470468    1.730513    0.407169 
  15          1             0        2.087019    1.216864    1.422438 
  16          1             0        3.504623    0.141801    1.228775 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.121643 (Hartree/Particle) 
Thermal correction to Energy=               0.130287 
Thermal correction to Enthalpy=             0.131231 
Thermal correction to Gibbs Free Energy=    0.087231 
Sum of electronic and zero-point Energies=           -760.879825 
Sum of electronic and thermal Energies=              -760.871181 
Sum of electronic and thermal Enthalpies=            -760.870237 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.456115   -0.818450    0.316916 
   2          7             0       -1.198684   -1.228687    0.212580 
   3          6             0       -0.279108   -0.331475   -0.099716 
   4          6             0       -0.552320    1.013239   -0.327413 
   5          6             0       -1.866799    1.424707   -0.202995 
   6          6             0       -2.845170    0.497179    0.126467 
   7         16             0        1.339672   -1.031394   -0.240818 
   8          8             0        2.261288    0.329106   -0.462565 
   9          6             0        2.818086    0.883010    0.721806 
  10          1             0        0.235138    1.690716   -0.603836 
  11          1             0       -2.125945    2.457919   -0.369155 
  12          1             0       -3.878220    0.781326    0.229428 
  13          1             0       -3.180965   -1.577062    0.567870 
  14          1             0        3.408666    1.734478    0.402947 
  15          1             0        2.038256    1.211569    1.404679 
  16          1             0        3.457346    0.162063    1.223227 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.126571 (Hartree/Particle) 
Thermal correction to Energy=               0.134916 
Thermal correction to Enthalpy=             0.135860 
Thermal correction to Gibbs Free Energy=    0.092484 
Sum of electronic and zero-point Energies=           -760.636439 
Sum of electronic and thermal Energies=              -760.628095 
Sum of electronic and thermal Enthalpies=            -760.627151 
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(iii)  MP2/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.429489   -0.825029    0.391439 
   2          7             0       -1.159348   -1.249517    0.265319 
   3          6             0       -0.250410   -0.348867   -0.137161 
   4          6             0       -0.547260    0.985545   -0.436220 
   5          6             0       -1.862530    1.409111   -0.265522 
   6          6             0       -2.827172    0.489692    0.151952 
   7         16             0        1.373221   -1.031482   -0.316144 
   8          8             0        2.277190    0.386502   -0.426199 
   9          6             0        2.669333    0.908586    0.859909 
  10          1             0        0.227954    1.649789   -0.790139 
  11          1             0       -2.133664    2.435602   -0.475290 
  12          1             0       -3.859325    0.780248    0.288919 
  13          1             0       -3.144211   -1.574582    0.707389 
  14          1             0        3.249133    1.800818    0.641597 
  15          1             0        1.792665    1.167183    1.454081 
  16          1             0        3.279001    0.185038    1.397713 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.123482 (Hartree/Particle) 
Thermal correction to Energy=               0.132173 
Thermal correction to Enthalpy=             0.133118 
Thermal correction to Gibbs Free Energy=    0.089010 
Sum of electronic and zero-point Energies=           -759.295265 
Sum of electronic and thermal Energies=              -759.286574 
Sum of electronic and thermal Enthalpies=            -759.285629 
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Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.691217   -0.000002    0.153413 
   2          8             0       -0.725498    0.000003   -0.140189 
   3          1             0        1.045271   -0.816158   -0.346120 
   4          1             0        1.045281    0.816162   -0.346101 
   5          1             0       -1.125088   -0.000012    0.739839 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.040336 (Hartree/Particle) 
Thermal correction to Energy=               0.043530 
Thermal correction to Enthalpy=             0.044474 
Thermal correction to Gibbs Free Energy=    0.017875 
Sum of electronic and zero-point Energies=           -131.690099 
Sum of electronic and thermal Energies=              -131.686905 
Sum of electronic and thermal Enthalpies=            -131.685961 
















Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0       -1.306421   -0.000002   -0.227759 
   2          8             0       -0.180315   -0.000005    0.681743 
   3          6             0        1.102188   -0.000001   -0.008280 
   4          6             0        1.253181   -1.263765   -0.865161 
   5          6             0        1.253176    1.263771   -0.865148 
   6          6             0        2.105822   -0.000005    1.148946 
   7          6             0       -2.074726   -1.206054    0.080893 
   8          6             0       -2.074713    1.206059    0.080891 
   9          1             0        2.238988   -1.283987   -1.342445 
  10          1             0        1.154860   -2.162594   -0.247538 
  11          1             0        0.492979   -1.288709   -1.650786 
  12          1             0        2.238983    1.284001   -1.342434 
  13          1             0        0.492973    1.288721   -1.650772 
  14          1             0        1.154853    2.162594   -0.247516 
  15          1             0        3.129942   -0.000003    0.761818 
  16          1             0        1.970754    0.887124    1.775342 
  17          1             0        1.970755   -0.887139    1.775335 
  18          1             0       -2.961813   -1.221444   -0.560591 
  19          1             0       -1.470838   -2.088452   -0.137359 
  20          1             0       -2.390971   -1.241895    1.136215 
  21          1             0       -2.961799    1.221457   -0.560592 
  22          1             0       -2.390956    1.241906    1.136214 
  23          1             0       -1.470815    2.088450   -0.137364 
 --------------------------------------------------------------------  
 
Zero-point correction=                      0.207915 (Hartree/Particle) 
Thermal correction to Energy=               0.218331 
Thermal correction to Enthalpy=             0.219275 
Thermal correction to Gibbs Free Energy=    0.173650 
Sum of electronic and zero-point Energies=           -367.419696 
Sum of electronic and thermal Energies=              -367.409279 
Sum of electronic and thermal Enthalpies=            -367.408335 










Figure C50. Computed energies of rotamers associcated with topomerization of the tert-
butyl group about the nitrogen-oxygen bond in O-(2-methylprop-2-yl)-N,N-dimethyl-
hydroxylamine.
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/ eV b 
En2(O) 
/ eV b 
En1(N) 
/ eV b 
0 126.6 –367.6000545 72.3 1.473 –16.04 –7.77 –8.39 
15 125.6 –367.6011785 69.4 1.477 –16.13 –7.80 –8.42 
30 123.9 –367.6042867 61.2 1.476 –16.24 –7.90 –8.50 
45 121.5 –367.6087436 49.5 1.470 –16.36 –8.01 –8.60 
60 119.2 –367.6135933 36.8 1.462 –16.49 –8.10 –8.17 
75 117.2 –367.6177258 26.0 1.454 –16.63 –8.11 –8.81 
90 116.3 –367.6214072 16.3 1.451 –16.81 –8.07 –8.80 
105 113.8 –367.625883 4.5 1.447 –17.07 –7.98 –8.89 
120 112.8 –367.6276045 0.01 1.447 –17.20 –7.94 –9.03 
135 113.4 –367.6263908 3.2 1.451 –17.17 –7.97 –9.21 
150 115.3 –367.6225706 13.2 1.456 –17.01 –8.04 –9.37 
165 117.0 –367.6183073 24.4 1.457 –16.74 –8.10 –9.21 
180 118.5 –367.6144355 34.6 1.466 –16.64 –8.09 –9.28 
118.4 112.8 –367.6276101 0.0 1.448 –16.62 –7.57 –8.84 
 a 1 a.u. = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; nN = non-bonding electron pair number N. 
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/ eV b 
En2(O) 
/ eV b 
En1(N) 
/ eV b 
180 118.5 –367.6144355 34.6 1.466 –16.64 –8.09 –9.28 
195 120.9 –367.6094856 47.6 1.475 –16.51 –8.01 –9.25 
210 123.7 –367.6045157 60.6 1.482 –16.33 –7.90 –9.07 
225 126.0 –367.6009659 70.0 1.481 –16.14 –7.79 –8.85 
240 126.3 –367.6004628  71.3 1.465 –16.03 –7.79 –8.06 
255 124.1 –367.6037616 62.6 1.442 –16.11 –7.89 –7.46 
270 123.4 –367.6067665  54.7 1.430 –16.18 –7.88 –7.41 
285 124.4 –367.6071945  53.6 1.427 –16.13 –7.87 –7.63 
300 123.7 –367.6072765 53.4 1.424 –16.18 –7.88 –7.42 
315 124.5 –367.6068355  54.5 1.444 –16.12 –7.86 –7.81 
330 125.4 –367.6046242 60.3 1.450 –16.05 –7.84 –8.13 
345 126.3 –367.6018292 67.7 1.463 –16.02 –7.81 –8.35 
360 126.6 –367.6000545 72.3 1.473 –16.04 –7.77 –8.39 
118.4 112.8 –367.6276101 0.0 1.448 –16.62 –7.57 –8.84 
a 1 a.u. = 1 Hartree. 1 Hartree/particle = 2625.5 kJ mol–1. b 1. a.u. = 27.211 eV; nN = non-bonding electron pair number N.
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Figure C52. Calcuated energies (NBO; B3LYP/6-31+G**) of non bonding orbitals for rotamers 
of O-(2-methylprop-2-yl)-N,N-dimethylhydroxylamine. 
 
ANHANG C 415 
 
C7.8.3 Nitrogen monoxide 
 
 





Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.000000    0.000000   -0.617420 
   2          8             0        0.000000    0.000000    0.540242 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.004513 (Hartree/Particle) 
Thermal correction to Energy=               0.006874 
Thermal correction to Enthalpy=             0.007818 
Thermal correction to Gibbs Free Energy=   -0.015491 
Sum of electronic and zero-point Energies=           -129.890964 
Sum of electronic and thermal Energies=              -129.888603 
Sum of electronic and thermal Enthalpies=            -129.887658 







C7.8.4 Nitrosyl Cation 
 
 
Figure C54. Computed minimum structure of the nitrosyl cation. 
 
 




Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.000000    0.000000   -0.572090 
   2          8             0        0.000000    0.000000    0.500578 
--------------------------------------------------------------------- 
  
Zero-point correction=                     0.005650 (Hartree/Particle) 
Thermal correction to Energy=              0.008011 
Thermal correction to Enthalpy=            0.008955 
Thermal correction to Gibbs Free Energy=  -0.013555 
Sum of electronic and zero-point Energies=           -129.526503 
Sum of electronic and thermal Energies=              -129.524142 
Sum of electronic and thermal Enthalpies=            -129.523198 






C7.8.5 Singlet Nitrosyl Anion 
 
 





Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
    1          7             0        0.000000    0.000000   -0.669277 
    2          8             0        0.000000    0.000000    0.585617 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.003325 (Hartree/Particle) 
Thermal correction to Energy=               0.005691 
Thermal correction to Enthalpy=             0.006635 
Thermal correction to Gibbs Free Energy=   -0.016177 
Sum of electronic and zero-point Energies=           -129.860025 
Sum of electronic and thermal Energies=              -129.857658 
Sum of electronic and thermal Enthalpies=            -129.856714 
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C7.8.6 Triplet Nitrosyl Anion 
 
 






Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.000000    0.000000   -0.677745 
   2          8             0        0.000000    0.000000    0.593027 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.003246 (Hartree/Particle) 
Thermal correction to Energy=               0.005614 
Thermal correction to Enthalpy=             0.006558 
Thermal correction to Gibbs Free Energy=   -0.017317 
Sum of electronic and zero-point Energies=           -129.907578 
Sum of electronic and thermal Energies=              -129.905211 
Sum of electronic and thermal Enthalpies=            -129.904267 


















Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          7             0        0.940092    0.238967   -0.772537 
   2          8             0        1.980210    0.056176   -0.183571 
   3          6             0       -0.317547   -0.012145    0.038453 
   4          6             0       -1.068914    1.331605   -0.014365 
   5          6             0       -1.074170   -1.083568   -0.768906 
   6          6             0       -0.030486   -0.459518    1.469001 
   7          1             0       -2.060850    1.214863    0.434150 
   8          1             0       -0.529985    2.105959    0.541118 
   9          1             0       -1.193000    1.670210   -1.047399 
  10          1             0       -2.066073   -1.238964   -0.332294 
  11          1             0       -1.198265   -0.773323   -1.810795 
  12          1             0       -0.539070   -2.038628   -0.753803 
  13          1             0       -0.974693   -0.622679    1.998343 
  14          1             0        0.541217   -1.391888    1.487704 
  15          1             0        0.545096    0.294026    2.014201 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.127849 (Hartree/Particle) 
Thermal correction to Energy=               0.135386 
Thermal correction to Enthalpy=             0.136330 
Thermal correction to Gibbs Free Energy=    0.097065 
Sum of electronic and zero-point Energies=           -287.642141 
Sum of electronic and thermal Energies=              -287.634604 
Sum of electronic and thermal Enthalpies=            -287.633660 
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Table C15. Survey of computed and experimentally determined nitrogen-oxygen bond 
lengths and associated bond orders (BO) from molecular orbital theory 
compound BO a dN,O / Å (calc.) 
b dN,O / Å (exptl.) 
H2N–OH 1 1.447 1.453(3) c 
(H3C)2N–OtBu 1 1.448 – d 
tBuN=O 2 1.209 – d 
NO– (singlet) 2 1.255 – d 
NO– (triplet) 2 1.271 1.271 e 
•NO 2.5 1.158 1.151 e 
NO+ 3 1.073 1.063 e 
a BO = bond order from MO-theory: BO = [n(e–)bonding – n(e–)antibonding]/2; n(e–) = number of 
electrons; bonding = in bonding orbitals; antibonding = in antibonding orbitals. b B3LYP/6-




Figure C58. Bond order/distance-correlation for bonding between nitrogen and oxygen 
[correlation analysis for computed data: dN,O = 1.6316 – 0.1897 × BO (R2 = 0.9900), based on 
N,O-distances dN,O
calc in Table C15; correlation analysis for experimental data: dN,O = 1.6490 – 
0.1966 × BO (correlation coefficient R2 = 0.9996), based on N,O-distances dN,O
exp in Table 
C15]. 
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C7.9 Supplementary Structural Data of O-Alkyl Thiohydroxamates 
 
C7.9.1 3-(tert-Butoxy)-4-methyl-5-(4-nitrophenyl)-thiazole-2(3H)thione (3b) 
 
 
Figure C59. Computed minimum structure of 3-(tert-butoxy)thiazolethione 3b. 
 
 
(i)  B3LYP/6-31+G**//B3LYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1          6             0       -2.218759   -1.011942    0.436904 
   2          6             0       -1.664403    0.197145   -0.032737 
   3          6             0       -2.543618    1.222176   -0.441419 
   4          6             0       -3.921881    1.044295   -0.404552 
   5          6             0       -4.432900   -0.173130    0.047427 
   6          6             0       -3.595679   -1.205452    0.471122 
   7          6             0       -0.213244    0.404959   -0.072567 
   8         16             0        0.483303    1.980462    0.338952 
   9          6             0        2.126035    1.449975   -0.016528 
  10          7             0        2.045996    0.106331   -0.324530 
  11          6             0        0.771541   -0.469469   -0.428300 
  12         16             0        3.463345    2.424862    0.045752 
  13          8             0        3.135085   -0.559816   -0.830844 
  14          6             0        4.060228   -1.256571    0.146576 
  15          6             0        5.443676   -0.699495   -0.189543 
  16          6             0        0.630344   -1.853829   -0.977806 
  17          7             0       -5.888349   -0.370742    0.085599 
  18          8             0       -6.309752   -1.461279    0.478123 
  19          6             0        3.668031   -0.990738    1.596047 
  20          6             0        3.976232   -2.745371   -0.200253 
  21          8             0       -6.604652    0.564219   -0.278323 
  22          1             0        0.827420   -2.621313   -0.221302 
  23          1             0        1.339911   -2.005376   -1.794360 
  24          1             0       -0.382916   -2.002059   -1.354095 
  25          1             0       -2.140590    2.159933   -0.810229 
  26          1             0       -4.599914    1.824969   -0.726596 
--------------------------------------------------------------------- 
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Standard orientation of 3b (continued): 
--------------------------------------------------------------------- 
   Center     Atomic      Atomic          Coordinates (Angstroms) 
   Number     Number       Type         X           Y           Z 
--------------------------------------------------------------------- 
 
  27          1             0       -4.026563   -2.130314    0.834391 
  28          1             0       -1.566845   -1.795491    0.806082 
  29          1             0        2.660884   -1.354096    1.822545 
  30          1             0        3.731552    0.071103    1.843053 
  31          1             0        4.366295   -1.531277    2.242720 
  32          1             0        4.758465   -3.293026    0.335546 
  33          1             0        4.129652   -2.898694   -1.272591 
  34          1             0        3.011828   -3.176286    0.080939 
  35          1             0        5.484418    0.372218    0.010241 
  36          1             0        5.672933   -0.863918   -1.246796 
  37          1             0        6.204497   -1.210991    0.409830 
--------------------------------------------------------------------- 
  
Zero-point correction=                      0.284019 (Hartree/Particle) 
Thermal correction to Energy=               0.304914 
Thermal correction to Enthalpy=             0.305858 
Thermal correction to Gibbs Free Energy=    0.233140 
Sum of electronic and zero-point Energies=          -1674.306623 
Sum of electronic and thermal Energies=             -1674.285729 
Sum of electronic and thermal Enthalpies=           -1674.284785 
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(ii)  BHandHLYP/6-31+G**//BHandHLYP/6-31+G** 
 
Standard orientation:                          
--------------------------------------------------------------------- 
 Center     Atomic     Atomic              Coordinates (Angstroms) 
 Number     Number      Type              X           Y           Z 
--------------------------------------------------------------------- 
   1         16             0        0.491392    1.964460    0.353457 
   2          6             0        2.110502    1.432758   -0.005780 
   3         16             0        3.441667    2.400694    0.064858 
   4          7             0        2.033032    0.111983   -0.322977 
   5          6             0        0.764337   -0.455763   -0.426849 
   6          6             0        0.620155   -1.834528   -0.968331 
   7          1             0        0.833425   -2.589844   -0.216533 
   8          1             0        1.309281   -1.983055   -1.791815 
   9          1             0       -0.392269   -1.985306   -1.321398 
  10          6             0       -0.204034    0.408810   -0.066754 
  11          6             0       -1.652983    0.201166   -0.028301 
  12          6             0       -2.519667    1.198075   -0.486095 
  13          1             0       -2.117430    2.113111   -0.887129 
  14          6             0       -3.889093    1.019441   -0.452264 
  15          1             0       -4.561618    1.777646   -0.809770 
  16          6             0       -4.393601   -0.169474    0.045492 
  17          6             0       -3.566527   -1.173586    0.516867 
  18          1             0       -3.994713   -2.076793    0.911732 
  19          6             0       -2.198761   -0.978632    0.484785 
  20          1             0       -1.549790   -1.738396    0.883993 
  21          8             0        3.104012   -0.547931   -0.823286 
  22          6             0        4.008248   -1.247677    0.124905 
  23          6             0        3.609606   -1.018424    1.569271 
  24          1             0        2.609739   -1.387949    1.779401 
  25          1             0        3.666615    0.030055    1.838760 
  26          1             0        4.301833   -1.566675    2.201814 
  27          6             0        3.936039   -2.720552   -0.246999 
  28          1             0        4.709277   -3.270316    0.282561 
  29          1             0        4.099400   -2.849952   -1.312842 
  30          1             0        2.977659   -3.157400    0.012929 
  31          6             0        5.389022   -0.692771   -0.178549 
  32          1             0        5.432849    0.365443    0.045270 
  33          1             0        5.625797   -0.831806   -1.229429 
  34          1             0        6.134515   -1.219061    0.412211 
  35          7             0       -5.836599   -0.367535    0.080681 
  36          8             0       -6.538152    0.532276   -0.325852 
  37          8             0       -6.249360   -1.421389    0.513501 
--------------------------------------------------------------------- 
 
Zero-point correction=                      0.295561 (Hartree/Particle) 
Thermal correction to Energy=               0.315704 
Thermal correction to Enthalpy=             0.316648 
Thermal correction to Gibbs Free Energy=    0.245498 
Sum of electronic and zero-point Energies=          -1673.722938 
Sum of electronic and thermal Energies=             -1673.702796 
Sum of electronic and thermal Enthalpies=           -1673.701852 
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Table C16. Computed parameters of 3-(tert-butoxy)-4-methylthiazole-2(3H)thione (2b)  
 
Parameter B3LYP a BHandHLYP a MP2 a 
N3,C2 / Å 1.380 1.360 1.379 
C2,S1 / Å 1.768 1.745 1.749 
S1,C5 / Å 1.751 1.739 1.730 
C4,C5 / Å 1.351 1.337 1.358 
C4,N3 / Å 1.406 1.396 1.395 
N3,O8 / Å 1.375 1.355 1.378 
C2,S7 / Å 1.660 1.651 1.648 
C4,N3,C2 / deg 117.6 117.3 118.0 
N3,C2,S1 / deg 106.6 107.1 106.3 
C2,S1,C5 / deg 92.4 92.3 92.9 
S1,C5,C4 / deg 111.8 111.6 112.0 
C5,C4,N3 / deg 111.4 111.5 110.5 
N3,O8,C9 / deg 118.1 118.5 115.4 
O8,C9,C10syn b / deg 112.1 112.1 111.6 
O8,C9,C11ac c / deg 105.2 105.4 105.4 
O8,C9,C12 ac c / deg 104.6 105.2 104.8 
C2,N3,O8,C9 / deg 91.3 91.3 93.2 
a in combination with the 6-31+G** split valence double zeta-basis set. b syn = synperiplanar. 
c ac = anticline. 
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Table C17. Computed parameters of 3-methoxy-4-methylthiazole-2(3H)thione (2d) 
 
Parameter B3LYP a BHandHLYP a MP2 a 
N3,C2 / Å 1.375 1.357 1.376 
C2,S1 / Å 1.772 1.748 1.752 
S1,C5 / Å 1.755 1.743 1.733 
C4,C5 / Å 1.351 1.338 1.358 
C4,N3 / Å 1.400 1.391 1.391 
N3,O8 / Å 1.380 1.358 1.383 
C2,S7 / Å 1.659 1.656 1.647 
C4,N3,C2 / deg 118.8 118.5 118.9 
N3,C2,S1 / deg 105.9 106.5 105.7 
C2,S1,C5 / deg 92.5 92.4 93.0 
S1,C5,C4 / deg 111.8 111.6 112.0 
C5,C4,N3 / deg 110.9 111.0 110.1 
N3,O8,C9 / deg 111.7 112.1 109.5 
O8,C9,Hsc b / deg 110.5  110.4 110.1 
O8,C9,H sc b / deg 110.3 110.3 109.8 
O8,C9,Hanti c / deg 104.1 104.6 104.1 
C2,N3,O8,C9 / deg 83.4 84.1 85.6 
a in combination with the 6-31+G** split valence double zeta-basis set. b sc = syncline. c anti 
= antiperiplanar. 
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Table C18. Computed and experimental parameters of 3-(tert-butoxy)-4-methyl-5-(4-
nitrophenyl)-thiazole-2(3H)thione (3b) a 
 
Parameter B3LYP b BHandHLYP b MP2 b X-ray c 
N3,C2 / Å 1.381 1.361 1.379 1.363(2) 
C2,S1 / Å 1.762 1.742 1.751 1.728(2) 
S1,C5 / Å 1.771 1.755 1.744 1.743(2) 
C4,C5 / Å 1.364 1.347 1.368 1.355(2) 
C4,N3 / Å 1.402 1.394 1.392 1.395(2) 
N3,O8 / Å 1.373 1.354 1.375 1.378(2) 
C2,S7 / Å 1.656 1.647 1.645 1.656(2) 
C4,N3,C2 / deg 118.0 117.8 118.3 117.9(1) 
N3,C2,S1 / deg 106.5 106.9 106.1 107.0(1) 
C2,S1,C5 / deg 93.0 92.8 93.2 93.4(1) 
S1,C5,C4 / deg 110.3 110.4 111.0 110.3(1) 
C5,C4,N3 / deg 111.9 111.9 110.9 111.4(1) 
N3,O8,C9 / deg 118.0 118.4 115.1 116.8(1) 
O8,C9,C10syn d / deg 112.1 112.1 111.6 111.6(2) 
O8,C9,C11ac e / deg 105.5 105.7 105.5 105.8(2) 
O8,C9,C12 ac e / deg 104.1 104.7 104.5 103.0(2) 
C2,N3,O8,C9 / deg 92.2 91.3 94.6 93.6(2) 
a  R = pC6H4(NO2). 
b In combination with the 6-31+G** split valence double zeta-basis set. c 
Crystal structure determined at 160 K. d syn = synperiplanar. e ac = anticline. 
 
426 ANHANG C 
 
Table C19. Computed parameters of 1-(tert-butoxy)-pyridine-2(1H)thione (4b)  
 
Parameter B3LYP a BHandHLYP a MP2 a 
N1,C2 / Å 1.401 1.378 1.397 
C2,C3 / Å 1.439 1.432 1.436 
C3,C4 / Å 1.371 1.358 1.374 
C4,C5 / Å 1.421 1.415 1.414 
C5,C6 / Å 1.367 1.353 1.370 
C6,N1 / Å 1.368 1.358 1.365 
N1,O8 / Å 1.380 1.359 1.381 
C2,S7 / Å 1.678 1.667 1.661 
C6,N1,C2 / deg 124.7 124.8 125.9 
N1,C2,C3 / deg 112.8 113.2 111.8 
C2,C3,C4 / deg 123.2 122.9 123.7 
C3,C4,C5 / deg 120.1 120.2 120.0 
C4,C5,C6 / deg 117.9 117.7 118.0 
C5,C6,N1 / deg 121.0 121.1 120.2 
N1,O8,C9 / deg 117.2 117.5 114.3 
O8,C9,C10syn b / deg 112.4 112.6 112.2 
O8,C9,C11ac c / deg 107.5 107.6 107.5 
O8,C9,C12 ac c / deg 101.8 102.3 101.9 
C2,N1,O8,C9 / deg 99.9 99.7 98.9 
a in combination with the 6-31+G** split valence double zeta-basis set. b syn = synperiplanar. 
c ac = anticline. 
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Table C20. Computed parameters of 1-methoxy-pyridine-2(1H)thione (4d)  
 
Parameter B3LYP a BHandHLYP a MP2 a 
N1,C2 / Å 1.398 1.376 1.394 
C2,C3 / Å 1.439 1.432 1.436 
C3,C4 / Å 1.372 1.358 1.374 
C4,C5 / Å 1.421 1.415 1.415 
C5,C6 / Å 1.367 1.353 1.369 
C6,N1 / Å 1.366 1.357 1.364 
N1,O8 / Å 1.387 1.364 1.390 
C2,S7 / Å 1.678 1.667 1.661 
C6,N1,C2 / deg 125.6 125.6 126.6 
N1,C2,C3 / deg 112.6 112.9 111.5 
C2,C3,C4 / deg 123.1 122.8 123.6 
C3,C4,C5 / deg 120.4 120.4 120.2 
C4,C5,C6 / deg 117.8 117.6 118.0 
C5,C6,N1 / deg 120.6 120.8 119.9 
N1,O8,C9 / deg 111.7 112.0 109.3 
O8,C9,Hsc b / deg 110.4 110.4 109.9 
O8,C9,H sc b / deg 110.3 110.2 109.8 
O8,C9,Hanti c / deg 104.0 104.5 104.1 
C2,N1,O8,C9 / deg 83.9 85.1 83.9 
a in combination with the 6-31+G** split valence double zeta-basis set. b sc = syncline. c anti 
= antiperiplanar. 
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C8 Vibrational Analysis 
C8.1 General remarks 
For assigning N,O- and C=S-vibrations, harmonic frequencies of isotopomeric compounds 
were computed starting from atomic coordinates of B3LYP/6-31+G**- and B3LYP/TZVP-
energy minimized structures.[5] Isotopes considered are the following pairs: C12/C13, N14/N15, 







Figure C60. Calculated (B3LYP/6-31+G**) wavenumbers for the nitrogen-oxygen stretching 







Figure C61. Calculated (B3LYP/6-31+G**) wavenumbers for the nitrogen-oxygen stretching 
mode of hydroxylamine. 
 





Table C21. Computed fundamental vibrations of thioformamide 
 
 
isotopes / wavenumbers in cm–1 [shift in cm–1] 
C12 / S32 / N14 C13 / S32 / N14 C12 / S34 / N14 C12 / S32 / N15 
384 384 [0] 384 [0] 382 [–2] 
435 431 [–4] 432 [–3] 431 [–4] 
618 614 [–4] 618 [0] 617 [–1] 
879 869 [–10] 872 [–7] 875 [–4] 
956 947 [–9] 956 [0] 956 [0] 
1143 1136 [–9] 1142 [–1] 1140 [–3] 
1316 1298 [–18] 1316 [0] 1304 [–8] 
1460 1438 [–22] 1460 [0] 1457 [–3] 
1645 1642 [–3] 1645 [0] 1635 [–10] 
3110 3100 [–10] 3110 [0] 3110 [0] 
3565 3565 [0] 3565 [0] 3561 [–4] 
3706 3706 [0] 3706 [0] 3695 [–11] 
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C8.5 Methanethiohydroxamic acid 
 
 




isotopes / wavenumbers in cm–1 [shift in cm–1] 
N14 / O16 / 
C12 / S32 
N14 / O16 / 
C13 / S32 
N14 / O18 / 
C12 / S32 
N14 / O16 / 
C12 / S34 
N15 / O16 / 
C12 / S32 
243 243 [0] 243 [0] 243 [0] 240 [–3] 
252 251 [–1] 245 [–7] 249 [–3] 252 [0] 
440 438 [–2] 437 [–3] 440 [0] 439 [–1] 
492 489 [–3] 492 [0] 491 [–1] 491 [–1] 
687 681 [–6] 683 [–4] 682 [–5] 677 [–10] 
879 871 [–8] 879 [0] 879 [0] 879 [0] 
917 897 [–10] 908 [–9] 912 [–5] 916 [–1] 
1024 1019 [–5] 1007 [–14] 1023 [–1] 1015 [–9] 
1271 1270 [–1] 1266 [–5] 1271 [0] 1268 [–3] 
1418 1413 [–5] 1417 [–1] 1418 [0] 1407 [–11] 
1457 1433 [–24] 1456 [–1] 1457 [0] 1450 [–7] 
1590 1582 [–2] 1585 [–5] 1590 [0] 1577 [–13] 
3144 3134 [–10] 3144 [0] 3144 [0] 3144 [0] 
3382 3382 [0] 3371 [–11] 3382 [0] 3381 [–1] 
3664 3664 [0] 3664 [0] 3664 [0] 3655 [–9] 
 
 




Table C23. Computed fundamental vibrations of 3-tert-butyloxy-4-methylthiazole-
2(H)thione  
 
isotopes / wavenumbers in cm–1 [shift in cm–1] 
N14 / O16 / 
C12 / S32 
N14 / O16 / 
C13 / S32 
N14 / O18 / 
C12 / S32 
N14 / O16 / 
C12 / S34 
N15 / O16 / 
C12 / S32 
664 661 [–3] 651 [–13] 664 [0] 659 [–5] 
714 714 [0] 710 [–4] 714 [0] 714 [0] 
727 725 [–2] 715 [–12] 727 [0] 726 [–1] 
814 813 [–1] 811 [–3] 814 [0] 814 [0] 
838 838 [0] 837 [–1] 838 [0] 838 [0] 
894 885 [–9] 880 [–14] 894 [0] 890 [–4] 
923 923 [0] 923 [0] 923 [0] 923 [0] 
935 935 [0] 934 [–1] 935 [0] 934 [–1] 
971 957 [–17] 971 [0] 971 [0] 969 [–2] 
974 971 [0] 972 [–2] 974 [0] 971 [–3] 
1031 1028 [–3] 1030 [–1] 1030 [–1] 1028 [–4] 
1048 1048 [0] 1047 [–1] 1048 [0] 1048 [0] 
1056 1056 [0] 1056 [0] 1056 [0] 1056 [0] 
1065 1065 [0] 1065 [0] 1065 [0] 1065 [0] 
1161 1153 [–8] 1159 [–2] 1160 [–1] 1155 [–6] 
1183 1183 [0] 1181 [–2] 1183 [0] 179 [–4] 
1216 1213 [–3] 1211 [–5] 1216 [0] 1207 [–9] 
1264 1263 [–1] 1264 [0] 1264 [0] 1263 [–1] 
1291 1286 [–5] 1291 [0] 1291 [0] 1290 [–1] 
1310 1294 [–16] 1308 [–2] 1310 [0] 1295 [–5] 
1352 1350 [–2] 1351 [–1] 1352 [0] 1339 [–13] 
1407 1407 [0] 1407 [0] 1407 [0] 1407 [0]  
1411 1411 [0] 1411 [0] 1411 [0] 1411 [0] 
1423 1423 [0] 1423 [0] 1423 [0] 1423 [0] 
1435 1435 [0] 1435 [0] 1435 [0] 1435 [0] 
1474 1474 [0] 1474 [0] 1474 [0] 1474 [0] 
1477 1477 [0] 1477 [0] 1477 [0] 1477 [0] 
1486 1486 [0] 1486 [0] 1486 [0] 1486 [0] 
1493 1493 [0] 1493 [0] 1493 [0] 1492 [–1] 
1497 1497 [0] 1497 [0] 1497 [0] 1497 [0] 
1504 1504 [0] 1504 [0] 1504 [0] 1504 [0] 
1510 1510 [0] 1510 [0] 1510 [0]  1510 [0] 
1527 1527 [0] 1527 [0] 1527 [0] 1527 [0] 
1651 1651 [0] 1651 [0] 1651 [0] 1650 [–1] 
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C8.6 3-(tert-Butoxy)-5-(4-methoxyphenyl)-4-methylthiazole-2(3H)thione (1b) 
 
 




Figure C62. Experimental infrared spectrum of 3-(tert-butoxy)-5-(4-methoxyphenyl)-4-
methylthiazolethione 1b (top; 20 °C in CH3CN) and computed harmonic frequencies (DFT-
D3/B3LYP/TZVP; bottom). Computed ground state structure from which the frequencies are 
calculated shown in the middle (● = contribution from C=S-stretching vibration; ○ 
contribution from N,O-elongation in the vibrational mode). 
 
Due to the complexity of the molecule and the generally strong overlap of vibrations in the 
fingerprint region all of the vibrations with contributions from a C=S elongation (1040, 1043, 
1147, 1192, 1280, 1283 and 1338 cm–1 computed, scaling factor 0.99) have also 
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contributions of bending, torsional, skeletal and deformation modes (Figure C62). Vibrations 
with contribution from a N,O-elongation are calculated at 921, 932, 1147, 1192, 1297 and 
1316 cm–1 (scaling factor 0.99). 
 
C8.7 3-(tert-Butoxy)-5-(4-nitrophenyl)-4-methylthiazole-2(3H)thione (3b) 
 
Figure C63. DFT-D3/B3LYP/TZVP-energy-minimized structure of tert-butyl ester 3b. 
 
Due to the complexity of the molecule and the generally strong overlap of vibrations in the 
fingerprint region all of the vibrations with contributions from a C=S elongation (1039, 1043, 
1147, 1191, 1331 and 1346 cm–1 computed, scaling factor 0.99) have also contributions of 
bendng, torsional, skeletal and deformation modes (Figure C64). Vibrations with 
contribution from a N,O-elongation are calculated at 914, 935, 1147, 1191 and 1304 cm–1 
(scaling factor 0.99). 





Figure C64. Experimental infrared spectrum of 3-(tert-butoxy)-5-(4-nitrophenyl)-4-methyl-
thiazolethione 3b (top; 20 °C in CH3CN) and computed harmonic frequencies (DFT-
D3/B3LYP/TZVP; bottom). Computed ground state structure from which the frequencies are 
calculated shown in the middle (● = contribution from C=S-stretching vibration; ○ 
contribution from N,O-elongation in the vibrational mode). 
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